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Chapter One/Introduction and Literature Review

1.1 Introduction

As regulations to protect the environment become stricter, more and more people are
interested in using green and environmentally friendly materials [1, 2]. For the construction
of new buildings, the maintenance of buildings, and technical infrastructure, the construction
industry requires a significant amount of natural aggregates and cement. However, the
extensive use of these natural resources is causing a gradual depletion of the Earth's reserves,
potentially leading to environmental degradation. Researchers are dedicated to discovering
and developing new environmentally beneficial materials. These materials are either derived
from waste materials or created through methods that reduce the emission of polluting gases.
Glass waste represents a significant amount of solid waste. According to the EU Action Plan,
the recycling rate for glass waste must reach at least 85 % by 2030 [3]. In this respect,
producing foam glass represents an excellent opportunity to recycle large amounts of glass
waste. It is well known that foam glass, produced by mixing waste glass powder with a
foaming agent and then heating the mixture above the softening point of the glass, is used as
a thermal and acoustic insulation material in construction and road building. The number of
studies on the development of glass foam has increased in the last decade. Researchers
investigated the use of glass waste from various sources, such as bottles, cathode-ray tube
(CRT), flat glass, etc., for this purpose. According to the United Nations Environment
Programme, the cathode ray tube glass waste (CRT-GW) reaches 50 million tons annually
[4]. In recent years, cement production has increased extraordinarily worldwide. It is the
third-largest contributor to anthropogenic CO> (carbon dioxide) emissions. Each one ton of
calcium carbonate used in cement production generates 0.44 tons of CO». Figure 1. shows
the CO> emissions of the global cement industry by region from 1990 to 2019 [5,6]. The
construction industry will face future challenges in adopting alternative building materials
to replace cement. Geopolymers (GPs) are currently being introduced to fully substitute
ordinary Portland cement (OPC) in concrete production [6,7]. GP is the name given to this
innovative binder material. In terms of the environment, the main advantage of geopolymer
is that it can reduce CO> emissions into the atmosphere by about 80-90% compared to OPC
and lower energy consumption during production [7,8]. GP is an inorganic polymeric
material obtained by mixing a dry solid (aluminosilicate) with an alkaline solution and

possibly other ingredients [9]. GP exhibits good properties such as chemical resistance, high-



temperature strength, chloride penetration resistance, and freeze-thaw cycle resistance

[9,10].
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Figure 1. The amount of CO; emissions from cement production in different regions for the past three
decades (1Gt=10°tons) [5]

The construction industry will face future challenges in adopting alternative building
materials to replace cement. Geopolymers (GPs) are currently being introduced to fully
substitute ordinary Portland cement in concrete production [6,7]. GP is the name given to
this innovative binder material. In terms of the environment, the main advantage of
geopolymer is that it can reduce CO> emissions into the atmosphere by about 80-90%
compared to OPC and lower energy consumption during production [7,9]. GP is an inorganic
polymeric material obtained by mixing a dry solid (aluminosilicate) with an alkaline solution
and possibly other ingredients [8]. GP exhibits good properties such as chemical resistance,
high-temperature strength, chloride penetration resistance, and freeze-thaw cycle resistance
[9,10].

Energy consumption has become a pressing global issue due to its significant environmental
and economic impacts. It has been projected that global energy consumption will increase
by 50% by 2050 [11]. Developing countries are expected to account for 80% of this rise in
energy demand. Additionally, the building sector is anticipated to consume 40% of the total

global energy consumption, as shown in Figure 2. [12].
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Figure 2. Global energy consumption in different sectors [12]

Lightweight geopolymers (LWGPs) have emerged as a revolutionary class of materials that
promise significant advancements in sustainable construction. When formulated as
lightweight materials, geopolymers not only reduce the structural weight of buildings but
also offer superior thermal insulation and fire resistance [13]. These properties contribute to
lower energy consumption in heating and cooling buildings, further amplifying their
environmental benefits. When FGA is used as a lightweight aggregate made from glass
waste, making lightweight geopolymers will be a key component in the transition towards

more sustainable and energy-efficient construction practices.

1.2 Theoretical background and literature overview

Theoretical background and literature concerning the production process and the influencing
factors associated with lightweight structures, foam glass aggregates, and geopolymer

binders.

1.2.1 Lightweight structure

Lightweight structure, a promising structural material, possesses numerous advantages.
These include diminished dead load on structures, enhanced thermal and sound insulation
characteristics, ease of handling and transport, and reduced construction expenses.
Consequently, it finds diverse applications, such as flooring in steel-framed buildings,
parking structures, bridge decks, girders with specified density concrete, lightweight
prestressed concrete, etc. [14].

The properties of the lightweight concrete structures have approximately ranges: bulk

density of 0.3-2 g/cm?, compressive strength ranging from 1-60 MPa, and thermal



conductivity ranging from 0.2-1.0 W/m-K. These values can be contrasted with normal
concrete values, which typically range around 2.1-2.5 g/cm? for bulk density, 15-100 MPa
for compressive strength, and 1.6-1.9 W/m-K for thermal conductivity [15, 16]. Lightweight
concretes are classified into three types: 1) No-fines concrete, 2) aerated and foam concrete,

and 3) lightweight aggregate concrete, as shown in Figure 3.

Aggregate _ Lightweight

aggregate

No-fines concrete Aerated and foamed concrete Lightweight aggregate concrete

Figure 3. Lightweight concrete types [15] [17]

No-fines concrete structure is made from a coarse aggregate and a small percentage of a
cement binder without fine aggregate. The aggregate-to-cement ratio is in the range of 3 to
6, in which each coarse aggregate particle is coated with a cement binder layer with a
thickness reaching 1.3 mm. The cement binder bonds the grains together and leaves a void
between them. These voids lead to the production of porous, open-textured concrete with
decreased density, strength, and shrinkage. The properties of this concrete depend on the
aggregate type and size, and the aggregate-to-cement ratios. There are two kinds of
aggregate: normal and lightweight aggregate used to get low concrete density [17, 18].

The aggregate size range used in this concrete type is 7 to 75 mm and must contain <10 wt.%
of undersized particles but no less than 5 mm. The aggregate should not have sharp edges
leading to an increase in the likelihood of crushing under load [18]. In Table 1., a range of

common properties of no-fines concrete created with various aggregate types is displayed.

Table 1. Typical properties of no-fines concrete made with different aggregate types [16, 17].

Typical properties Normal weight aggregate Lightweight aggregate
Aggregate/cement ratio (% mass) 6-10 3-8
Water/cement ratio (% mass) 0.38-0.45 0.38-0.45
Air dry density (g/cm?) 1.2-1.9 0.8-1.4
Cube strength (MPa) 20-40 3-7




There are many applications of no-fine aggregate concrete structures, such as pavement
construction, underwater construction, rapid construction, refractory applications, green
construction, void filling, and lightweight construction [17].

Aerated and foam concrete has a low-density value, reaching 0.4 g/cm? due to voids between
the cement binder. There are two principal methods for the production: aerating and foaming.
The aerating method generated hydrogen gas by adding 0.2 wt.% of aluminium reacted with
Ca(OH), and alkalis. The gas disperses in the mixture to increase volume and reduce the
density. This type of concrete is cured in steam at normal atmospheric pressure or in steam
under high pressure at 180 °C inside an autoclave [16]. The foaming method produces pre-
formed foam that can be blended with other components. This concrete type possesses a
porosity exceeding 25 vol%, with pore diameters ranging from 0.1 to 1 mm [16, 19]. The
aerated and foam concrete applications as insulation provide excellent thermal and acoustic
insulation for walls, floors, and roofs in both residential and commercial buildings due to
their lightweight nature, which reduces structural load and allows for faster construction
[19].

Lightweight aggregate concrete is made with a lightweight aggregate, and historical
structures created by using this type are shown in Figure 4., from the 3™ millennium B.C.
The application was found in ancient Babylon, where natural lightweight aggregates with
volcanic origin (such as pumice, scoria, etc.) were utilized. The Greeks and Romans
practiced in their construction projects. Many of these impressive ancient structures, like the
St. Sophia Cathedral, also called Hagia Sophia, in Istanbul, Turkey, still stand today, and the
Pantheon, a Roman temple constructed in A.D. 118. [20].

Babylon, Iraq Istanbul, Turkey Roman
Built-in the 3rd millennium B.C Built-in 4th century Built- in A.D. 118

Figure 4. Historical structures constructed using lightweight aggregate [21].
Lightweight aggregate concretes, utilized in diverse applications based on their properties,
are classified into three groups according to ASTM C330 and C332 standards. These
classifications, detailed in Table 2., are based on specific properties and intended

applications.



Table 2. Classification of the LWC according to ASTM C 330 [21].

Compressive Thermal conductivit
LWC groups Density range (g/cm?) strength range y
(W/m-K)
(MPa)
Structural 1.440 to 1.840 (equilibrium) >17 not specified
Structural/insulating 0.720 to 1.440 (equilibrium) 34t017 0.45-1.05 (oven-dry)
Insulating 0.240 to 0.800 (oven-dry) 0.7t0 3.4 0.065-0.22 (oven dry)

Equilibrium: Density for LWC after 28-day exposure to the relative humidity of 50 + 5% and a temperature
of 23+ 2 °C.

Oven-dry: the density of LWC after being put in an oven (110 £ 5 °C) for some time engaged to the density
change by lower than 0.5% for 24 hours.

1.2.2 Lightweight aggregate
Lightweight aggregate is typically described as any aggregate with a bulk density of under
1.2 g/cm?® and a uniaxial compressive strength of more than 1 MPa [10, 11, 22]. The
advantages of lightweight aggregates are:

e Reduced weight is their ability to reduce the overall weight of structures.

e Improved insulation can enhance the insulation properties of materials, making them

suitable for applications where thermal efficiency is important.

e Ease of handling due to their lower density and light weight.
The use of lightweight aggregates allows for more design flexibility, as architects and
engineers can explore innovative and efficient structural solutions [23-25].
Lightweight aggregate is classified into two main categories based on natural and artificial
sources: natural lightweight aggregates are porous volcanic stones like scoria, pumice,
light sand, etc., and waste natural materials like oil palm shells.

Figure 5. shows the different types of natural lightweight aggregates [26, 27].

Pumice Black slag Oil palm shell
Figure 5. Types of natural lightweight aggregates [26], [27].
Artificial lightweight aggregates are made from clay and industrial waste materials,
including glass waste, fly ash, slag, etc. The process of manufacturing lightweight aggregates
depends on the types of raw materials. Generally, it includes the following steps: preparing
the mixture by adding foaming agents or additives, forming pellets (pelletizing), and
sintering by subjecting the pellets to a heating process at high temperatures, causing them to
expand and become porous. This process can be carried out in rotary kilns or other types of

furnaces, and these pellets to cooled to form the final aggregate product.
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Chung et al. [28] used three types of artificial lightweight aggregates: expanded clay,
expanded glass, and foamed glass to prepare lightweight concrete. Figure 6. shows the

lightweight aggregate samples.

(a) Expanded clay

(c) Foamed glass

Figure 6. Types of artificial lightweight aggregates [28].

Expanded clay was produced from clay sintering at 1200 °C in a rotary kiln, creating a
product with small pores. The expanded glass was made from waste glass sintering at 900
°C in arotary kiln, the pellets had a smooth surface and closed pores with a shell. The foamed
glass was created by heating a mixture of waste powdered glass and a foaming agent to 1000

°C, resulting in a cellular structure in the aggregates.

1.2.3 Foam glass aggregate

Foam glass aggregate (FGA) is produced from over 98 wt.% waste glass and less than 2
wt.% foaming agents, playing an important role in waste management technology. The
problem of waste glass involves the difficulty of managing and recycling substantial amounts
of discarded glass, which frequently ends up in landfills, contributing to environmental
pollution and resource depletion [29]. Recycling waste glass into new glass products is often
prohibitively expensive due to high processing costs. However, repurposing waste glass into
valuable products like foam glass aggregate offers a more cost-effective and environmentally

friendly solution. The advantages of FGA can be utilized in many types of civil engineering



structures, providing thermal insulation and frost protection, reducing vertical and lateral

earth pressures, and enhancing slope stability, as shown in Figure 7. [30].

(d)

Figure 7. Foam glass aggregate applications: a) insulation of ground-contact slabs, (b) slab insulation during
building refurbishment, (c) insulation of intermediate slabs in refurbishments, and
(d) base and insulation layer for heated underground garage ramps [30].

Since the 1930s,

foam glass [32]

several patents have been issued for various methods of manufacturing

. The most used method, glass cullet, is introduced into a ball mill for

grinding into a fine powder, typically ranging from 100 to 500 um. This fine glass powder

is then combined with a foaming agent and heated to a foaming temperature between 700 —

900 °C, depending on the glass and foaming agent composition [33, 34]. Figure 8. illustrates

the process flow

diagram for converting waste glass cullet into foam glass.

Screen Secondary
and grinding
classify 75-150 pm

Primary
grinding N
1-3 mm

Waste glass |
5-20mm |

~

Weigh 0[ Mix H H?g;;nd H Anneal HCut and size]
50
Foaming
agent
75—150 um
\—

Figure 8. Process flow diagram for the production of foam glass [33].
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The principle behind the foam glass production process is that during the heating process the
glass powder is softened at a temperature of up to 600 °C, meaning glass transforms into a
viscous liquid. During this phase, the foaming agent decomposes or reacts (depending on
the type), releasing a gas that forms bubbles within the softened glass. The glass must
maintain sufficient viscosity to prevent the gas bubbles from rising and escaping through the
liquid mass. This ensures the bubbles remain in place throughout the foaming heat cycle.

[11, 35]. Figure 9. shows the foaming mechanism in the foam glass during heating.

. Glass particles w Additives @ Foaming agents © Pores
Transformed glass
Escape of hydroxyl 1;°'° g and additives
: . ‘ormation
Evaporation of moisture groups, chemically Softening
bond water and gases

Decomposition

Figure 9. Foaming mechanism during the heating process [36].

Recycling of CRT-GW has received more attention in the recent decade. The CRT has been
used to make electronic screens for computers and TVs since the middle of the twentieth
century [37]. But recently they have been dispensed with Liquid Crystal Display and plasma
display panels [38]. This resulted in the large-scale disposal of CRT monitors, primarily in
landfill locations, and this trend is likely to persist in the upcoming decades, giving rise to
significant environmental issues [39]. Figure 10. shows that CRT-GW accounts for 42 wt.%

of electronic devices such as TVs and computers [40].

Figure 10. CRT-GW from electronic devices [40]
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In 2016, the worldwide production of electronic waste was 44.7 million tons, with waste
CRTs making up around 6.6 million tons [41, 42]. The CRT monitor is a vacuum tube that
generates an image when an electron ray hits a luminous surface. It comprises three main
parts: an electron gun, front panel glass, and funnel glass. The front panel, funnel, and neck
glass contribute about 65 wt.%, 30 wt.%, and 5 wt.%, respectively. Different chemical
compositions are found in the various glass components, each containing different chemical

and physical forms of lead [43]. Figure 11. shows the composition of a typical CRT monitor.

Panel glass
Around 65% of CRT quality
/

<«—Funnel glass
Leaded glass (22% — 28%)
Around 30% of CRT quality

Electron - Neck glass
gun Leaded glass (25%)
é Around 5% of CRT quality

Figure 11. Composition of CRT monitors [43]

CRT glass is a hazardous material because it consists of three heavy metals: lead (Pb), barium
(Ba), and strontium (Sr). Previous research has found that CRT-WG contains 21-24 wt.% of
lead oxide, 9-13 wt.% of barium oxide, and 1-2 wt.% of strontium oxide [44-46]. As a result
of these heavy metals, many research teams have investigated methods for recycling CRT
glass to ensure a green environment, such as purifying techniques for eliminating Pb, using
it as aggregate in the concrete to encapsulate glass particles, and the production of new
materials like foam glass [47-49].

Numerous researchers have investigated foam glasses by the study of the influencing factors
on properties such as type and dosages of foaming agent, foaming temperature, and rate of
temperature [50]. Petersen et al. [5S1] used the following: the made-of-foam glass involved
the CRT waste glass with varying proportions (2, 6, 10, 14, 18, 22 wt.%) of NaxCOs as a
foaming agent, followed by sintering at numerous temperatures 699.85 °C, 749.85 °C,
799.85 °C, 849.85 °C, and 899.85 °C. The lowest bulk density of 0.28 g/cm?® was obtained
by foaming glass powder with 14 wt.% Na>,COs3 at 749.85 °C.
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Konig et al. [52] investigated the impact of foaming temperatures on foam glass derived
from CRT panel glass, using carbon and MnO; as foaming agents. The findings indicated
that while carbon alone provided a moderate foaming effect, adding MnO> significantly
enhanced this effect. The foaming process was highly dependent on temperature variations,
with the optimal foaming temperature identified as 800 °C. Figure 12. shows the effect of

the foaming temperature on foam glass.

2 i pe T &
Y 37 %
!; 3 % b s » 32
WL 3

Figure 12. Foam glass samples prepared from CRT glass at different foaming temperatures (a) 780 °C, (b)
800 °C, and 820 °C [52].

Silicon carbide works as a foaming agent at an unspecified temperature range due to its
crystalline structure having a high melting point of 2700 °C [53]. Osfouri and Simon [54]
found that when 1 wt.% SiC was used as a foaming agent with soda-lime silicate glass, the
reaction started at 800 °C and gave the maximum foaming height at a temperature of 986 °C.
Guo et al. [55] prepared foam glass using 1 wt.% of SiC with CRT glass containing lead
oxide. They noted the reaction commenced at a temperature of 600 °C, during which carbon
dioxide (COy) is liberated according to the following chemical equation:
4PbO(s) + SiC (s) ® Pb(s) + SiOs(s) + CO:(g) (D)
Due to the CRT-WG having high lead oxide content, the leaching test for lead is
indispensable to save environmental harm. Several investigations have attempted to
investigate the effects of various conditions in the foam glass production on the degree of
lead leaching. Specifically, the effects of the types of foaming agents: redox agents and
neutralization agents [56]. The neutralization agents generate a foaming effect by thermal
decomposition and release gas, such as CaCOs. Usually, the production of foam glass with
weak strength and heightened water absorption properties makes it a preferred choice for
insulation applications. While the redox agents initiate a foaming phenomenon during
intricate chemical reactions, releasing gases directly results from the oxidation reaction
triggered by the foaming agents, such as SiC and TiN. The foam glass produced by this agent
type has good strength and closed porosity [57]. However, the researchers do not prefer using
redox foaming agents of lead silicate glass because they may react with PbO to produce lead
heavy metal [57]. Some investigations have been performed to use redox agents with CRT

glass for producing foam glass [58, 59]. These two works studied the effects of two types of
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foam agents (SiC and TiN) on lead leaching levels when preparing CRT foam glass. The
impact of the reducing agent became apparent as the leached concentration of Pb increased;
the findings revealed that samples produced with lower concentrations of the reducing agent
had lower lead leaching, especially those synthesized using SiC, which remained within
regulatory limits for the amounts of Pb released. Conversely, when TiN was utilized, the

highest levels of Pb were released over the standard limits.

1.2.4 Geopolymer

The term 'geopolymer' was introduced in the 1970s by French scientist and engineer
Professor Davidovits. It refers to a class of solid materials created through the chemical
reaction between an aluminosilicate powder and an alkaline solution. Geopolymers are
inorganic materials with a polymeric molecular structure, offering exceptional strength and
a variety of unique properties [60, 61]. Geopolymer binder is an environmentally superior
alternative to OPC for several reasons. It is produced at lower temperatures, significantly
reducing greenhouse gas emissions. Additionally, geopolymers provide excellent thermal
insulation, further enhancing their environmental friendliness [62, 63]. Figure 13. shows an

increased number of scientific papers interested in geopolymers [64].

7000

6000
5000
4000
3000
2000
1000

No. of scientific papers

0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year

Figure 13. A graphical representation of published data on geopolymers from 2010 to 2019 based on their
economic benefits and energy consumption [64].

Figure 14. illustrates the various ingredients and production processes for geopolymers. The
synthesis can occur through either an alkaline medium, consisting of hydroxides and
silicates, or an acidic medium, such as phosphoric acid. These media react with an
aluminosilicate precursor, initiating the polymerization process. The aluminosilicate
precursor can be naturally occurring, like kaolinite, or an industrial by-product, such as fly

ash [65, 66].
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Figure 14. A summary of the geopolymer production process [66].

Solution

The structure of geopolymers is composed of a polymeric framework that includes silicon,
oxygen, and aluminium. This framework forms a three-dimensional network of SiO4 and
AlOy4 tetrahedra interconnected at their oxygen corners. Within this network, metal cations

such as sodium and potassium are found, depending on the following formula [67]:
Mn{-(SiOZ)z-A102}n -aH>0 (2)

Where: M* means alkali cation of K*, Na’; n means the degree of polymerization; z means
Si/Al ratio in the range of 1 to 3, and a means the molar amount of water [67]. The properties
of the geopolymer depend strongly on the value of z. At a high value of z (z>3), geopolymers
exhibit sticky and rubbery properties and their structure is a linear 2-D network; at a low
value of z (z<3), the material exhibits stiff and brittle properties and a cross-linked 3-D
network. As shown in Table 3., the types of polysialates have different z values [68].

Table 3. Types of polysialates [68].
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Geopolymers are utilized in various applications due to their versatile properties. They are
prominent in the production of fire-resistant materials and innovative ceramics. They are
effective alternatives to asbestos, offering safe and durable building materials. Geopolymers

also play a critical role in stabilizing hazardous waste, providing a secure method for waste
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containment. Additionally, they are used as adsorbent materials in water treatment processes,
enhancing the removal of contaminants and improving water quality [69].

Cement and concrete are foundational to infrastructural development and modern
civilization. Geopolymers, in turn, represent a cutting-edge approach to constructing

infrastructure within various geographical regions, it was applied as shown in Figure 15.

Figure 15. Australia's Global Change Institute Building at the University of Queensland [66].

The University of Queensland's Global Change Institute Building in Australia was
constructed using fly ash-based geopolymer concrete. It was built in 2013. The building
features 33 precast floor beams, each spanning 11 meters, forming three suspended floors
with a total volume of approximately 320 cubic meters of geopolymer concrete [66]. In South
Africa, a concrete slab at the City Deep container terminal was constructed using fly ash-
slag geopolymer concrete, which reached an impressive compressive strength of 51 MPa
within 28 days [66].

Geopolymerization is a multifaceted exothermic process involving multiple stages of
dissolution, reorientation, and solidification reactions. During geopolymerization, chemical
reactions occur under highly alkaline conditions with aluminosilicate minerals, resulting in
a three-dimensional polymer network of Si-O-Al-O bonds. Typically, solutions of sodium
hydroxide or potassium hydroxide, along with their corresponding silicates, are used as the
alkaline activators. The inclusion of silicates in the alkaline solution accelerates the
polymerization process [70]. The process of geopolymer formation may be summarized in

Figure 16. as the following steps:
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Figure 16. Geopolymerization mechanism [71, 72].

1. An alkaline reaction on the structure of the raw materials leads to the reduction of
silicates and aluminates in the solution.

2. The activator solution first supplies silicate; the small, dissolved parts interact with
it, and aluminosilicate oligomers (Gel 1) are formed.

3. The silicate solution becomes unstable as the dissolution process continues, and the
gel-forming (Gel 2) precipitation of dissolved species begins when the concentration
of dissolved aluminate reaches a certain point.

4. The geopolymer gel develops as the slurry becomes solid. The mix composition,
temperature, and presence of pollutants determine the curing time, which can range
from a few minutes to many days. Persistent strength development evidence that

reaction processes persist long after the setting [73].

1.2.5 Metakaolin-based geopolymer

The raw materials used in geopolymers are derived from diverse sources, such as natural
aluminosilicate-rich materials like kaolin and industrial by-products like fly ash and slag.
Metakaolin (MK), derived from kaolin, will be expected as a major resource for the
geopolymer binder due to its main contents of SiO, and AlOs. Its excellent chemical
stability compared with other waste materials due to technical challenges associated with
controlling their supply, which have led to a decline in the use of geopolymers in many

countries [74, 75]. For metakaolin-based geopolymers, the final setting time is
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approximately 20 hours at room temperature, which is significantly faster compared to fly
ash, which requires more than a day to set under ambient conditions [76].

Metakaolin is typically produced by calcining kaolin at temperatures ranging from 650 °C
to 750 °C. In kaolin, silica and alumina alternate in tetrahedral or octahedral coordination,
forming a phyllosilicate mineral with a layered structure. This layered structure,
characteristic of clay minerals, gives rise to small particle size and plate-like morphology.
The particles possess properties like softness, a soapy feel, and easy cleavage due to their
ability to slide over one another. The primary component of kaolin is AlSiOs(OH)4, known
as kaolinite, a hydrated aluminum disilicate. Other minerals are also present in kaolin,
including quartz, muscovite-like mica, and rutile. When kaolin is heated between 650 °C and
900 °C, it undergoes dehydroxylation, resulting in a 14% mass loss from the bound hydroxyl
ions. This process, called calcination, causes the structure of kaolin to break down, leading
to the contraction and loss of long-range order in the alumina and silica layers. The outcome
is metakaolinite, an amorphous, highly reactive transition-phase material with pozzolanic
and latent hydraulic reactivity, making it suitable for cement applications [77]. At 650 °C,
the transformation of kaolinite into metakaolinite is completed, as evidenced by the absence
of recognizable reflections except for traces of anatase, a minor impurity originating from
the original kaolinite. This indicates the complete conversion of kaolinite into amorphous
metakaolin after dehydroxylation. Other studies utilizing thermal activation have reported
similar observations.

Figure 17. displays scanning electron microscope (SEM) images of kaolinite and metakaolin
following calcination at 650 °C. Both samples exhibit platelet-like structures. However, the
transformation of metakaolin is evident from the rounded appearance and the removal of the

platelet edges compared to solid kaolinite [78].

Figure 17. SEM images of (a) kaolinite and (b) metakaolin after calcinations at 650 °C [78].
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Many different factors influence the geopolymerization reaction on metakaolin-based
geopolymers, such as MK composition, activator type and dosage, and reaction conditions.
The composition of MK is used to produce geopolymer made from kaolin, which is mined
in deposits. The kaolin formation conditions of these clays vary, resulting in variations in
chemical and mineralogical composition [79]. The control of the rheological properties of
the fresh mixture and the characterization of the cured geopolymer binder always depend
strongly on the type and dosage of the activator [80]. Sodium or potassium hydroxide
(NaOH, KOH) in combination with sodium silicate (n-Si0O2.Na>O) or potassium silicate
(n-S10,°K>0) are the most common alkaline liquid activators [80, 81]. Sodium hydroxide
solution concentrations range from 8 M to 16 M, and mechanical strength decreases if you
use NaOH solutions with concentrations outside this range. An alkaline activator provides
better strength than an activator using only NaOH solution or water glass. The water glass
promotes polymerization, resulting in a reaction is a higher silicon content and better

mechanical properties [82-84].

1.2.6 Factors Affecting Geopolymers Characterization

Geopolymer characterization is influenced by several factors, which can be summarized as

follows [85]:

1. Aluminosilicate source: The selection and characteristics of the aluminosilicate source
used in geopolymers can impact their strength. The presence of amorphous or reactive
phases in the source material is desirable as they contribute to the formation of a strong
geopolymer network.

2. Activator concentration: The concentration of the alkaline activator solution affects the

geopolymerization reaction. Higher concentrations can accelerate the reaction, leading to
faster strength development. However, excessively high concentrations may also result in
excessive heat generation and shrinkage, which can affect the overall strength and
durability.
Chen et al. [86] investigated the impact of varying NaOH concentrations (6 M, 10 M, and
14 M) on the strength and shrinkage of metakaolin-based geopolymer. Their findings
reveal that a lower NaOH concentration of 6 M results in reduced shrinkage, while the
maximum compressive strength is achieved at a concentration of 10 M.

3. Curing conditions: temperature and humidity, significantly influence the strength
development of geopolymers. Curing temperatures typically range from room

temperature, around 25 °C, to higher temperatures up to 90 °C, depending on the specific
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geopolymer formulation and desired properties. The choice of curing temperature is
crucial as it affects the rate of chemical reactions and the overall performance of the
geopolymer after curing. Adequate curing time is also important to allow sufficient
chemical reactions and the development of a well-formed geopolymer structure.

Lopes et al. [87] recommended that to prevent a reduction in the strength of metakaolin-
based geopolymers, it is recommended to use curing temperatures below 30 °C. Samples
cured at 50 °C show a decrease of over 35% in flexural strength and more than 60% in
compressive strength compared to those cured at room temperature.

Some articles suggest that the curing temperature for geopolymers should not exceed 60
°C. This is especially true when testing geopolymer binders using 50 mm cubic specimens
because these small binder samples have a higher surface area-to-volume ratio than large
concrete specimens, making them more susceptible to curing with heat and leading to
higher moisture loss. Moisture must be present for geopolymers to react and become
harder [88-90].

. Sodium silicate (water glass) to sodium hydroxide ratio: This ratio is essential for the
properties of geopolymer binders to improve performance. By adjusting this ratio,
manufacturers can optimize the binder for various construction and industrial
applications. Al Bakri et al. [91] studied the effect of water glass/sodium hydroxide ratios
of 0.6, 0.8, 1.0, 1.2, and 1.4 on fly ash-based geopolymer. The maximum compressive
strength achieved was 8.3 MPa with a water glass/sodium hydroxide ratio of 1. Duxson
et al. [92] investigated the influence of the Si/Al ratio on the development of the
mechanical strength of MK-GP with different alkali types of sodium hydroxide and
potassium hydroxide. They found that the compressive strength of geopolymers increased
after 28 days in the Si/Al range between 1.15 and 1.90. They found that when the Si/Al
ratio exceeds 1.90, a sharp reduction in the compressive strength of the samples is
observed.

. Liquid-to-solid ratio (L/S): This ratio in geopolymer mixtures affects workability,
setting time, and strength development. Generally, a lower L/S ratio leads to higher
strength due to a more compact and less porous structure. However, excessively low ratios
can result in poor workability and difficulty in mixing.

Jaya et al. [93] investigated the impact of various L/S ratios, specifically 1.66, 1.42, 1.25,
1.11, and 1.0, on the properties of metakaolin-based geopolymers. The study used a
NaOH/Na;Si0s3 ratio of 1 and a 10 M NaOH solution. After ageing the samples for 28

days, it was found that the optimal compressive strength of 32 MPa was achieved with a
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(L/S) ratio of 0.8. Figure 18. shows the microstructure of a metakaolin-based geopolymer

with different L/S ratios.
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Figure 18. Microstructure of geopolymer-based metakaolin with different L/S ratios (a) 1.66, (b) 1.42, (c)
1.25 (d) 1.11 (e) and (f) 1.0 (MK: unreacted metakaolin, and AM: activated materials) [93]

The activator solution caused alterations on the periphery and surface of the plate-like
particles of metakaolin. The appearance of globular units signifies the development of a
geopolymer matrix. A higher water concentration helps the alkaline ions to mobilize during
mixing, but it also makes the solidified gel microstructure more contractile, crackly, and
porous, noticeable in geopolymer binders with L/S ratios of 1.66 and 1.42. In the sample
with an L/S ratio of 1.25, the structure became compact and uniform, and the unreacted
metakaolin particles became smaller; high strength was achieved. The geopolymer matrix
L/S ratio of 1.11 and 1.0 geopolymer matrix appeared rough, the decreased compressive

strength was caused by this.

1.2.7 Lightweight geopolymer concrete
Lightweight geopolymer concrete (LWGPC), a special type of concrete, is lighter than

conventional concrete. Its reduced density makes it easier to handle and transport during
construction, thereby enhancing environmental sustainability. This represents a significant
advancement in sustainable building materials, offering a combination of light weight [13,
94]. Numerous studies have explored using lightweight aggregates in geopolymer concrete,
including foam glass aggregate, expanded clay aggregate, and natural lightweight aggregates
like pumice and volcanic aggregate [95]. Table 4. summarizes various research studies on

lightweight geopolymers utilizing lightweight aggregates.
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Table 4. Previous studies on the preparation of LWGP using lightweight aggregates.
Author (s)/ Based on Lightweight Curing .
ear Year raw aggregate temperature Experiments
y materials gsreg P
This work 2024 | Metakaolin | Foam glass 75 °C, 60 °C | Bulk density, compressive
derived from for 24 hrs strength, thermal conductivity,
CRT glass and room freezing-thaw cycles test and
waste temperature | SEM
Flv ash Visual  inspection,  weight
A. Nis and Al- Y ash, Volcanic Room change, and  compressive
2022 | slag, and . .
Anta [96] pumice temperature | strength fluctuations caused by
cement L
sulfuric acid attack.
Compressive strength, water
K. Kalinowska fly ash and e 65 °C for 24 | absorption, dry and saturated
et al. [97] 2022 slag Artificial hrs density, and thermal
conductivity index
B. A. Tayeh et fly ash and Pumice and 80 °C for 24 Flexural = and COMPIESSIVE
2021 furnace strengths, slump flow, and unit
al. [98] expanded clay hrs .
slag weight.
Foam glass . .
. . o Density, compressive strength,
F. Kristaly et 2020 Fly ash derived from 60 °C for 6 Young's modulus, FTIR, and
al. [99] bottle glass hrs
SEM
waste
Bulk  density, compressive
M. Saridemir et Blast Basaltic 80 °C for 48 stre;ngth, ﬂexural strength,
1. [100 2020 furnace . h splitting tensile test, SEM, and
al ] slag and fly pumice s exposure tests included sulfuric
acid and temperature.
M. Priyanka et 2020 Fly ash Expanded Room Bulk  density, compressive
al. [101] Clay temperature | strength, and workability
Blast .
F Aslani et al. furnace Polystyrene Room Slump flow, bulk density,
2020 and crumb flexural strength, and
[102] slag and fly temperature .
ash rubber compressive strength.
Bulk density, Compressive
S. Top et al. 2018 Flv ash basaltic 70 °C for 24 | strength, sonic speed, water
[103] y pumice hrs absorption, SEM, and Statistical
analysis
Slump test, Ultrasonic Pulse
60 °C. 80 Velocity, dry density, water
W. Abbas et 2018 Flv ash Artificial °C. 90 °,C for absorption, thermal
al.[104] y lightweight ’ conductivity, and strength tests
48 hrs . .
included compressive, flexural,
and splitting
. 60 °C for 24 Bulk dgnsﬁy, SEM, Water.
S.N. Sarmin et Fly ash and absorption, and compressive
2018 . Wood hrs and room
al. [105] metakaolin strength.
temperature
fly ash and Bulk density, water penetration,
B.M.A Huiskes 2015 blast Foam elass Room compressive  strength, water
etal. [106] furnace & temperature | absorption, and thermal
slag conductivity.
Thermal conductivity, transport
M.YJ Liu et fly ash apd Oil palm shell, 65°C for 48 properties, . density, ultrasoplc
al. [107] 2013 palm oil brick, and hrs pulse velocity test, compressive
' fuel ash block. strength, tensile strength, and
modulus of elasticity, porosity.
Compressive strength, heat-
H. Shu-guan et 2009 | Metakaolin | Shale haydite Room resistance measurement and
al. [108] temperature SEM
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1.3 Knowledge gap and objectives of the research

1.3.1 Knowledge gap

The knowledge gaps for this research are categorized into three parts based on the

experimental plan: the preparation of foam glass aggregates, the development of metakaolin-

based geopolymer, and the preparation of lightweight geopolymer. Each part was designed

depending on the scientific gap and to enhance it.

e Knowledge gaps for prepared foam glass aggregate

1.

Many researchers used CRT-GW to prepare foam glass used in different applications.
In contrast, this work is the first investigation to apply foam glass prepared from
CRT-GW as a lightweight aggregate in a geopolymer matrix.

Based on the literature, foam glass derived from CRT-GW was synthesized using
various foaming agents, yet the temperature range for the foaming process remained
unspecified. In this study, silicon carbide (SiC) was employed as the foaming agent,
and the temperature range required for the foaming process was determined by
inspecting the mixture by heating microscopy.

Some researchers focused on leaching tests to check if the foam glass made from
CRT-GW is safer, while others focused on measuring physical and mechanical
properties. The knowledge gap in this work is to study the effects of foaming
temperatures on all physical, mechanical, and thermal properties and the leaching test

for hazardous elements.

e Knowledge gaps for the development of metakaolin-based geopolymer

1.

The effect of a wide range of 0 to 100 wt.% water glass in the activator solution for
metakaolin-based geopolymer on the occurrence of efflorescence and the change in
composition, microstructure, bulk density, volume shrinkage, the average value of
compressive strength of and thermal conductivity is studied.

Many researchers aim to prepare geopolymer binders that harden (set) at room
temperature and have a suitable setting time by using various additives. In this work,
I have focused on controlling the factors that affect the properties of geopolymer
binders to achieve this goal, including the water glass/sodium hydroxide ratio and

the solid-to-liquid ratio.

e Knowledge gaps for the preparation of lightweight geopolymer

As far as it concerns using foam glass aggregate with geopolymer binder, one

scientific paper, by Kristaly et al. [99], used foam glass aggregate made from bottle
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waste with fly ash-based geopolymer. In this new work, I used foam glass aggregate

driven from CRT-GW with metakaolin-based geopolymer.

1.3.2 Objectives
The main objectives of this work are:

e To produce CRT-GW glass foams (“lightweight aggregates”) with optimized
foaming temperature to decrease energy consumption.

e To encapsulate the CRT lightweight aggregates (LWAs) into a metakaolin (MK)-
based geopolymer matrix to produce a new, environmentally friendly lightweight
building material (lightweight geopolymer concrete, LWGPC) by eliminating the
hazardous glass waste.

e To optimize the curing conditions of the LWGPC to save energy.

Investigate the effect of LWA in the geopolymer matrix by physical, mechanical,

thermal, and microstructural tests.
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Chapter Two/ Materials and Methods
2.1 Main raw materials
The raw materials were used to produce foam glass aggregate:

e (athode ray tube glass waste was taken from dismantling old televisions and
computer monitors. Mishandling CRT waste can lead to the release of toxic
substances into the environment, making it essential to manage these materials with
care.

e Silicon carbide as a foaming agent, provided by Ibiden Hungary Ltd.

e Methylcellulose — A chemical compound derived from cellulose was used as a
binder by dissolving 0.5 g of methylcellulose in 50 ml of distilled water, as shown
in Figure 19.

Methylcellulose  py;oijjed water Binder solution
(05¢) (50 ml)
Figure 19. Preparation of binder solution

The raw materials were used to prepare the geopolymer binder:
e Kaolin is a white mineral clay primarily composed of the mineral kaolinite. It is a
soft, earthy material, it was supplied by Interkeram Ltd in Hungary.
o Water glass, also known as sodium silicate (Na:Si0s), is a chemical compound made
from sodium oxide (Na20) and silicon dioxide (Si0z). It is a viscous liquid (solution).

Table 5. contains the physical and chemical properties of water glass.

Table 5. Water glass properties

Name Sodium silicate

Formula Na,SiO3

State of matter liquid

Density 1.37 g/cm’

Silicate modulus (the molar ratio of SiO; to Na;O) 3.80

Chemical composition H>0: 61.06 wt.%, SiO»: 30.95 wt.%,
and Na,O: 8.00 wt.%

e A 10 M sodium hydroxide solution was prepared by dissolving NaOH flakes (purity:

98%) in distilled water, as shown in Figure 20.
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NaOH flakes s ledmmter Magentic stirrer NaOH solution
400 g) aL) (10 M)

Figure 20. Preparation of NaOH solution
2.2 Characterisation of raw materials
2.2.1 Characterisation of raw materials for preparing FGA: CRT glass and SiC
CRT glass has different chemical compositions depending on the origin of the monitors
supplied from various production sources. Table 6. shows the chemical composition
measured by a Rigaku SuperMini 200 tabletop X-ray fluorescence spectrometer. The results
show that silica is the main oxide (55.9 wt.%), and other oxides are in different percentages.
Regarding the oxides contributing to the presence of hazardous elements, the CRT-GW
contains 13.36 wt.% of lead oxide and 10.2 wt.% of barium oxide.
Table 6. Chemical composition of CRT glass waste

Oxides SiO2 [Na2O |K:O |CaO (MgO | ALOs |Fe:03 |BaO | PbO |SrO |Others |Total
Weight (%) |559 | 596 [5.49 |0.52 |0.21 1.7 0.205 |10.2 |13.36 [1.51 |5.125 | 100

The particle size distribution (PSD) of raw materials is an important factor affecting the pore
size in foam glass. The particle size was measured by CILAS Granulometre 715 instrument.
Distilled water was used as the dispersion medium, and a few grams of powder were added
to form a suspension. The laser determined the size distribution of the solid particles using
an analysis of the diameters of the particles. The particle size was measured as the suspension
flowed between two parallel glass plates. The median particle size (dso) of CRT glass was 11
um, as highlighted by the red line as shown in Figure 21. The particle size for SiC powder
was so fine that it was under the measurement range (d<l1 um). This extreme fineness
suggests a high surface area, potentially impacting the foaming behaviour and final pore

morphology of the foam glass.
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Figure 21. Particle size distribution of CRT glass waste

Cumulative passing (volume %)

The phase composition of solid raw materials was investigated using the Rigaku Miniflex II
X-ray diffractometer. The samples were examined across a wide range of diffraction angles
(20) from 5° to 90° using CuKo. radiation with a wavelength of 1.54184 A. The equipment
operated at 40 kV and 25 mA. The scan rate was 1°/min with a step size of 0.0101°. X-ray
diffraction (XRD) patterns were compared to the Powder Diffraction File database provided
by the International Centre for Diffraction Data using X’Pert HighScore Plus software to
determine the various phases included in the samples. Figure 22. shows the X-ray spectra of
the raw materials, SiC powder, with all peaks indicating the presence of pure silicon carbide
in the Moissanite-6h crystal structure. The 6 means the stacking sequence repeats every 6
layers, and H means hexagonal symmetry. The CRT glass waste powder exhibited an
amorphous structure, as evidenced by the absence of any peaks in its structure. The absence
of peaks indicates a lack of crystalline arrangement, highlighting the glass powder's
disordered and non-crystalline composition.
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Figure 22. X-ray spectra of raw materials.
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2.2.2 Characterisation of raw material to prepare metakaolin-based geopolymer

Kaolin was heated up to 750 °C for 3 hours as the first step in this process. Metakaolin leads
to the loss of chemically bound water, a downturn of crystalline structure, and phase
transformation into amorphous material with high reactivity. The kaolin contained 16 wt.%
of amorphous phases. The calcination process's effect on kaolin's phase transformation then
increased to 74 wt.%, resulting in the formation of metakaolin, as shown in Figure 23. and

Table 7., detected by X-ray diffraction results.

e KAOlIN e M etakaolin

Q K:kaolinite
Q:Quartz
£ Kk Q
2 QQ Q Q Q
S k
z
z
3
z Q
0 20 40 60 80

20(Degree)

Figure 23. The X-ray spectra for the kaolin and transformation into metakaolin through the calcination
process

Table 7. XRD results amount of crystalline and amorphous phases (wt.%) for clay before and after calcination.

Phase composition Quartz Kaolinite Amorphous SUM
Before calcination (Kaolin) 22.68 61.32 16 100
After calcination (MK) 26 0.00 74 100

Table 8. shows the chemical content of metakaolin. There are two major constituents: silica

58.3 wt.% and alumina 39.4 wt.%, with other minor constituents.

Table 8. The chemical composition of metakaolin obtained from XRF

Chemical | gi) | A1,05 | MgO | Ca0 | Na:O | K20 | Fex05 | MnO | Tio: | P05 | 8
composition

Weight (%) 583 ] 394 | 033 | 0.18 | 0.06 | 0.26 | 0.47 | <0.005 | 0.203 | 0.013 | 0.02

The particle size distribution of metakaolin exhibits a median diameter (dso) of 5.4 um, as
represented by the red line in Figure 24. This indicates a well-defined and consistent particle

size, which can influence its reactivity and performance in geopolymers.
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Figure 24. Particle size distribution of metakaolin
Figure 25. shows the flowchart of the experimental work, including three parts:

e Preparation of foam glass aggregate,
e Preparation of metakaolin-based geopolymer binder and statistical analysis, and

e Preparation of lightweight geopolymer.
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Figure 25. Flowchart of the experimental work
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2.3 Preparation and Characterisation of Foam Glass Aggregate (FGA)

2.3.1 Preparation of FGA

CRT glass waste was pulverized and ground using a RETSCH PM 400 planetary ball mill
using agate balls and jars for 1 hr at 200 rpm. A mixture of 99 wt.% CRT glass waste powder
and 1 wt.% silicon carbide was prepared. A binder made of methylcellulose dissolved in
distilled water was used to form a dough that could be hand-shaped into small pellets. The
dough was prepared by dissolving 1 g of methylcellulose in 100 ml of distilled water and
then thoroughly combining this solution with 200 g of the powder. For measuring thermal
conductivity and volume expansion, cylindrical specimens with a diameter of 15 mm were
prepared.

These pellets were then subjected to a heating process in a programmable furnace at four
different foaming temperatures: 725 °C, 750 °C, 775 °C, and 800 °C, with a holding time of
10 minutes and a heating rate of 360 °C per hour. These temperatures were selected based
on a heating microscope analysis. After the heating cycle, the pellets were left to cool to

room temperature in the furnace, as shown in Figure 26.

Methylcellulose

CRT glass waste CRT powder Ball mill +Distilled water
\Iillmg Mixing R ——
» 2 .»» PoS]
"\ (= -
725 °C 750 °C 775 °C 800 °C F °r$i“g
Vv
¢ 3 |ige
.'5 Sintering " ./
€L €CCCC 98
sz PR ‘! . \ = i
Pellets

Foam glass aggregate Furnace

Figure 26. Flowchart for the preparation of foam glass aggregate
2.3.2 Techniques for Characterizing the FGA
A heating microscope (MicrOVis, manufactured by Camar Elettronica s.r.l.) was used to
study foaming behaviour with added silicon carbide to waste glass and observe the height
change during heating. Figure 27. shows the figure and schematic diagram of the heating

microscope.
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Figure 27.Schematic diagram and figure of the heating microscope: (1) frame, (2) light source, (3) tubular
furnace, (4) high-resolution CCD camera, (5) sample holder, (6) sample, (7) control and registering unit
(computer with control and image evaluation software).

The tubular furnace has a maximum temperature of 1600 °C and can be adjusted. It utilizes
a light source and a camera to generate binary images. The camera takes photos of a sample
at every 30 seconds, which tracks variations in the height of the sample as it undergoes
heating. The height expansion (HE) of the samples can be determined based on the following
equation:

HE = (";"°

) x 100[%)] 3)

0

Where: H is the height during heating, and (Ho) is the original height of the sample. The bulk
density (BD) was calculated by dividing the sample mass by volume after sintering. The

volume expansion (VE) was calculated based on the equation:

VoV
VE = (%) x 100; [v%)] )

Where (Vo) 1s the volume sample before the foaming process and (V) is the volume after the
foaming process.

The microstructure for FGA samples was inspected using the scanning electron microscope
(SEM) type Carl Zeiss with module EVO MA10. Before SEM imaging, the FGA samples
were coated with gold to increase conductivity.

The density of the foam glass samples was determined by measuring their weight and

dimensions. The apparent porosity (AP) was evaluated according to equation (3), where Po

30



is the apparent porosity, DF is the density of foam glass, and DM is the density of the mixture
glass waste was 2.5 g/cm?.

P, = (1 - %) x 100; [%] (5)

The uniaxial compressive strength (UCS) of a spherical aggregate was measured. This
involved placing the aggregate within a cylindrical mould and subjecting it to force. This

procedure is based upon prior studies [109-112] as shown in Figure 28.
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Figure 28. The procedure of the uniaxial compressive strength test of foam glass aggregate.

The INSTRON 5566 universal testing machine was used to measure the individual UCS
value of the FGAs. The application of the load was controlled, employing a low loading rate

of 0.1 mm/s. The uniaxial compressive strength was calculated using the following equation:

ucs = 28F (6)

D2

Where F is the maximum load and D is the diameter of the spherical aggregate. The UCS
was measured for five samples (pellets) for each mixture.

It is necessary to conduct a leaching test for FGA because CRT glass contains hazardous
metals. Leaching tests were conducted according to the EN 12457-3:2004 standard [113].
The FGA underwent a milling process, transforming it into a powder with a particle size of
around 4 um. The test sample was prepared by mixing 500 g of FGA powder with 1L of
distilled water and mixing them up for 6 hours using a rotary mixer set at 100 rpm. After
this, the solution was filtered using a filter paper with 0.4 um. An inductively coupled
plasma-optical emission spectrometer (ICP-OES) instrument (Varian 720-ES) was used to
measure the lead and barium concentrations in the filtered solution. It is an advanced
analytical equipment which was used to analyse the components qualitatively and

quantitatively in various samples. During the ICP measurement, a high-temperature
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ionization source creates plasma from flowing inert gases (typically argon). Plasma can
atomize and excite sample elements due to its high heat. This method identifies and
quantifies sample elements by detecting the excited atom-light. Figure 29. shows the

leaching test procedure.
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Figure 29. Leaching test procedure of foam glass aggregate.

C-Therm TCi Thermal Conductivity Analyzer was used to measure the thermal conductivity

of FGA (Figure 30.) by employing the Modified Transient Plane Source (MTPS) technique.
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Figure 30. Thermal conductivity analyser instrument (C-Therm TCi)
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The modified transient plane source (MTPS) technique works according to ASTM D7984-
16 [114]. A quantity of heat is supplied to the sensor by applying a known current to its
heating element, causing a temperature increase at the point where the sensor and sample
meet. This rise in interface temperature alters the voltage drop of the sensor element. To
determine the thermo-physical properties of the sample material, the rate of increase in the
sensor voltage is analysed. As the voltage applied to the sensor increases, the thermal
conductivity of the sample material inversely decreases [115]. Consequently, the
temperature rise at the sensor interface results in a corresponding change in the voltage drop

depicted in Figure 31.
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Figure 31. TCi Thermal Conductivity Analyzer mechanism working principle [115].

The cylindrical-shaped sample of FGA was used to measure thermal conductivity. The sample
was covered with conductivity materials and placed on the sensor. The sensor of this
instrument is sensitive and requires careful handling during operation. The specifications for
sample measurement are a minimum thickness of 0.2 cm and a diameter of 1.7 cm with

smooth and flat surfaces. The sample surfaces (Figure 32.) were prepared using sandpaper.

725 °€C 750 °C 775 °C 800 °C

Figure 32. Foam glass samples for thermal conductivity measurement.

2.4 Preparation and characterisation of metakaolin-based geopolymer binder (MK-
GP)

2.4.1 Preparation of the MK-GP with different dosages of water in the activator
solution and cured at 60 °C and 75 °C

After the calcination of kaolin at 750 °C for 3 hours, metakaolin was formed and ground
using a ball mill (Retsch PM 400) with agate balls at 180 rpm for 20 minutes. Five agate
balls of different sizes (the diameter of three balls was 1.5 cm and the other two balls were
3 cm) were used. To prepare the NaOH solution, 400 g of sodium hydroxide flakes were
dissolved in 1 L of distilled water, resulting in a concentration of 10 M NaOH solution. The
influence of the water glass to sodium hydroxide ratio on the properties of the geopolymer
binder was investigated. The alkaline activator solutions were prepared by mixing water
glass and sodium hydroxide solution with five different dosages (0, 25, 50, 75, and 100 wt.%)
of water glass. The solutions were mixed with a blender at 400 rpm for 3 minutes. The MK

powder was mixed with the alkaline activators in the blender at 300 rpm for 3 minutes and
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at 480 rpm for 2 minutes. The fresh geopolymer paste was poured into cubic silicon moulds
of 2.5 cmx2.5 cm %2.5 cm and 5 cmx5 cmx5 cm geometry and cured at two different curing

temperatures (60 °C and 75 °C) for 24 hours. The geopolymer sample preparation method is

shown in Figure 33., while the mix design is shown in Table 9.

NaOH
=+

Metakablin .
powder Activator Stirrer Molding Drying chamber
solutions

Geopolymer binder

Figure 33. Scheme for the preparation of geopolymer samples.

Table 9. Composition of MK-GP with a L/S ratio of 1.1 and NaOH (10 M)

Sample code Liquid [wt.%] Solid [wt.%]
Waterglass (g) NaOH (g) MK powder (g)
MK-GP0 0 100 90.9
MK-GP25 25 75 90.9
MK-GP50 50 50 90.9
MK-GP75 75 25 90.9
MK-GP100 100 0 90.9

2.4.2 Preparation of MK-GP with different liquid-to-solid ratios and curing at 60 °C
and room temperature

The goal was to prepare a geopolymer at room temperature to be applied in work life. For
this, the properties of geopolymers cured at room temperature were studied after selecting
the best water glass percentage in the activator solution (at 50 wt.% water glass).

Figure 34. illustrates that the lighter foam glass aggregate, with a density of 0.58 g/cm?,
floated when combined with a geopolymer binder at a liquid-to-solid ratio of 1.1. To prevent
this phenomenon, to improve the distribution of aggregates within the binder, and to enhance
compressive strength, the impact of varying the liquid-to-solid ratio on the properties of the

geopolymer was investigated.

Figure 34. Flotation of foam glass aggregate in the geopolymer binder.
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MK-GP was prepared by mixing an equal weight percentage of water glass and sodium
hydroxide solution to prepare the activator solution [116]. The geopolymer binder samples
were prepared using a silicon cubic mold with a length of 5 cm. At this time, the samples
were cured at two different temperatures: 60 °C and room temperature and formulated with
different liquid-to-solid ratios of 0.8, 0.95, and 1.1. The geopolymer binder mix design is
shown in Table 10.

Table 10. The composition of the geopolymer binder with a NaOH/Na,SiOs3 ratio of 1 and 10 M NaOH .

Liquid (g) Solid (g)
Samples codes | L/S mGreiey "TNaOH | Metakaolin
MK-GP 0.8 0.8 50 50 125
MK-GP 0.9 0.9 50 50 111.1
MK- GP 1.1 1.1 50 50 90.9

2.4.3 Characterisation techniques of the geopolymer samples
The bulk density of the MK-GP was measured according to ASTM C642 standard [117].

This involved measuring the dry weight per volume of the sample. Volume shrinkage was
determined according to ASTM C1241 standard [118] by measuring the mould volume (Vo)
and the volume of MK-GP (V). This calculation was performed using equation (7).

Vs = (1) x 100; [v%] (7)

0

The uniaxial compressive strength tests were performed on three cubic samples for each
mixture using a Zwick/Roell Z100 universal testing machine at a speed rate of 2 mm/min,
following the standard ASTM C-109 [119] test method for measuring the uniaxial
compressive strength of hydraulic cement mortars. Cubic specimens with dimensions of 5

cmx5 cmx5 cm were used (Figure 35).

Figure 35.Geopolymer binder sample before (a) and after (b) the compressive strength test.
To determine the degree of efflorescence of the MK-GP, the cubic samples with a length of
2.5 cm were placed in a dish of distilled water with a depth of 5-7 mm. The surface of the
sample was allowed to come into contact with distilled water (for 48 hours), and then the

sample was dried at room temperature for 7 days [120, 121].
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SEM (Scanning electron microscopy) and EDX (energy dispersive X-ray spectroscopy)
were used to observe the microstructure and to identify and quantify the main elemental
composition of MK-GP. Thermo Helios G4-PFIB CXe Dual scanning electron microscope
equipped with a Bruker microprobe at a voltage of 20 kV was used in this work. Before SEM
imaging, the fractured samples were coated with a thin layer of gold to increase conductivity.
The micrographs were taken under different magnifications.

The geopolymer binders were milled into powder for Fourier transform infrared
spectroscopy (FTIR) analysis using a Bruker Tensor 27 FTIR instrument to obtain their
infrared (IR) spectra. The equipment has an average resolution of 4 cm™ and covers a 400 —
4000 cm™" wavenumber range.

The Rigaku MiniFlex II desktop X-ray diffractometer was used to measure the mineral
composition and crystal structure of MK-GP.

The thermal conductivity of MK-GP was measured using the C-Therm TCi thermal
conductivity analyser. The geopolymer sample used was a cube with a side length of 2.5 cm,
meeting the minimum requirements of 0.5 cm thickness and 1.7 cm side length, as shown in

Figure 36.

n r

Figure 36.Geopolymer binder thermal conductivity sample.

The setting times of the geopolymer binder were measured with the Vicat apparatus
according to EN 196-3:2005 standard [122]. The Vicat mould was filled with a geopolymer
binder, and the filled mould was put on a glass base. Adjusting the distance between the end
of the needle and the sample surface was set to zero. The test was made at room temperature
(23 °C). A thin metal needle with a diameter of 1 mm was used to measure the initial setting
time. The needle penetration was measured every 15 minutes. The onset of the initial setting
time was determined by observing the penetration of the thin metal needle into the mixture
until it reached a depth of 1 mm. To measure the final setting time, the mould was inverted

to the bottom face, and the hollow circular needle with a diameter of 5 mm was used. The
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final setting time was determined by observing the penetration of the hollow needle of 0.5

mm. Figure 37. shows the Vicat apparatus for measuring the geopolymer binder setting time.

Figure 37. Vicat apparatus for the measurement of the setting time of the geopolymer binder.

2.5 Statistical analysis

In the context of regression analysis in the Minitab program, the terms DF, Seq SS,

Contribution, Adj SS, Adj MS, F-value, and P-value are key statistical metrics used to

evaluate the regression model's quality and the significance of the predictors. Here is what

each term means [123]:

1.

DF (Degrees of Freedom): it refers to the number of independent values or observations
in the data that are free to vary while estimating statistical parameters. In regression: it
is divided into components like DF for regression (number of predictors), DF for error
(remaining unexplained variation), and total DF (number of observations minus one).
Seq SS (Sequential Sum of Squares): represents the variation explained by each
predictor when entering the regression model in sequence. In regression: it helps identify
the contribution of each variable based on the order they are added to the model.
Contribution: it indicates the percentage of total variation in the response variable that
a predictor variable explains. In regression: a higher contribution signifies that a variable
has a stronger influence on the dependent variable.

Adj SS (Adjusted Sum of Squares): it measures the variation explained by a predictor,
considering all other variables already in the model. In regression: it quantifies the
unique contribution of a variable, independent of the order of entry.

Adj MS (Adjusted Mean Square): it is the Adjusted Sum of Squares (Adj SS) divided
by its degrees of freedom (DF). In regression: it provides a standardized measure of

variability for comparison across predictors.
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6. F-value: it is a ratio of the variance explained by the model to the variance left
unexplained. In regression: a higher F-value indicates that the model or predictor has a

significant effect.

__ Adj MS (Regression) (8)
~ dj MS (Error)

A commonly applied rule of thumb in regression analysis is that if the F-value exceeds
2.5, it provides sufficient evidence to reject the null hypothesis. This suggests that the
predictor variable has a statistically significant effect on the response variable and
contributes meaningfully to the model.

7. P-value: that indicates the probability of observing the data assuming that the null
hypothesis is true. In regression: a smaller P-value (typically<0.05) means that the
predictor variable is statistically significant and contributes to the model.

In Minitab, this table represents the output of a regression model, showing how different

independent variables (predictors) affect the dependent variable (response). Here is how to

interpret and use it for model building [123]:

o Coef (Coefficient): the estimated effect of each predictor on the response variable.
o SE Coef (Standard Error of Coefficient): the variability of the coefficient estimate.
o t-Value: the statistical test used to determine the significance of a predictor
(calculated as Coef'/ SE Coef).
Figure 38 shows a linear regression model with residuals, as the following equation:
y =By + ByX1 + B,x2 + Pyx3te 9

y is the response variable.

Po (constant) is the intercept.

1, P2, Ps are the regression coefficients, slope f» how x influences y.

X1, X2, X3, are the predictor variables. ¢ is the error term.

Observed

value of ¥
Residual

Predicted
value of ¥ T

Where:

* s the dependent variable (the varizhle being predicted)
* x i the independent variabie (the variabe used to make predictions).

* Hyistheintercept

Intercept
= By

* fiyis the coefficient of the indegendent variatie z,

* =& the eror {the difference batween the obaerve e and the predicted value),

Figure 38. Linear regression model [123]
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The critical value in statistical hypothesis testing is a threshold that determines whether the
test statistic falls within a region where the null hypothesis can be rejected. It is based on the

chosen significance level (a=0.05).

2.6. Preparation and characterisation of lightweight geopolymer with foam glass
aggregate (LWGP-FGA)

2.6.1. Preparation of the LWGP-FGA

The lightweight geopolymer with foam glass aggregate (LWGP-FGA) was prepared cubic
samples with a length of 5 cm by mixing 70 vol% of geopolymer binder and 30 vol% of
FGA [101] (using this design, the bulk density estimates of LWGP-FGA less than 1.44
g/em?® according ASTM C 330 get a lightweight structure) for each, and the samples were
hardened at room temperature. Figure 39. describes the procedure used to prepare the

LWGP-FGA.

Cured atroom

f
] Calcination ¥ v Mixi i
e ‘: Mixing temperature
»H», +U») + o0
% Milling ) R AR ’
Metakaolin 4 oo

soliution Mixture Foam glass aggregate Lightweight geopolymer

Figure 39. Sketch of the preparation of LWGP-FGA.

The geopolymer binder mix design is shown in Table 11. for a cubic sample with a length of
5 cm with a volume of 125 cm®. NaOH molarity was 10 M, and the liquid-to-solid ratio was

0.8.

Table 11. Geopolymer binder mix design for a cubic volume of 125 cm?®.

Raw materials Density (g/cm?) Weight (g) Volume (¢cm®)
Metakaolin 2.156 118.056 54.758
NaOH solution 1.32 47.222 35.774
Waterglass solution 1.37 47.222 34.468
Geopolymer binder 1.7 212.500 125
before hardening

Foam glass aggregate was used as a lightweight aggregate. It was made using 99 wt.% of
cathode ray tube glass waste and 1 wt.% of silicon carbide foaming at temperatures of 750

°C, 775 °C, and 800 °C. Table 9. shows the properties of the foam glass aggregate.

Depending on the densities of the geopolymer binder and FGA designed for the lightweight
geopolymer, Table 12. shows the weight of materials used to prepare LWGP-FGA. The
mixture for one cubic sample with a volume of 125 ¢cm? (replaced 70 vol% (87.5 cm?) of

geopolymer binder and 30 vol% (37.5 cm?) of FGA.
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Table 12. Sample codes and compositions of LWGP-FGA for cubic samples with a volume of 125 cm®.

Sample code FGA sintered at Compositions (wt.%)
temperature (°C) FGA (g) Geopolymer binder (g)
LWGP - - 212.500
LWGP-FGA750 750 34.125 148.750
LWGP-FGA775 775 24.000 148.750
LWGP-FGA800 800 21.750 148.750

2.6.2. Characterization techniques of the LWGP-FGA
The bulk density, water absorption and apparent porosity of LWGP-FGA were measured

after 28 days of curing, taking the average of five samples according to ASTM C642
standard [117]. Bulk density was calculated by dividing the weight of the sample by its
volume. To determine the water absorption and apparent porosity of LWGP-FGA, first, the
samples were dried to record dry weight (Wp). After this, the samples were immersed in
distilled water for 48 hours. After the removal of the samples from the water surface
moisture was wiped off with a wet cloth and the saturated weight (Ws) was recorded. The
water absorption (WA) was measured according to the following equation:

Ws-—Wp

WA = (££22) x 100; [wt %] (10)

D

The fully saturated specimen was suspended in water using a wire and weighed, while
submerged for the recorded subsaturated weight (Wsu) for the measurement of apparent

porosity (Po) according to the following equation:

We—W
P, = (m) x 100; [%)] (11)

The average uniaxial compressive strength of three cubic samples was evaluated using an
INSTRON 5566 instrument after 28 days of curing. Samples were subjected to testing at a
speed of 2 mm/min, following the ASTM C-109 [119] standard.

The thermal conductivity of LWGP-FGA was assessed using a C-Therm TCi thermal
conductivity analyser working in the modified transient plane source (MTPS) technique. It
1s the same instrument as those used for measuring the thermal conductivity of GP and FGA
to ensure the accuracy in comparing results.

The thermal conductivity of the LWGP-FGA sample was determined by taking the average
of three samples, each evaluated on six sides. The surface of each sample was prepared

before testing, as shown in Figure 40.
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Figure 40. Lightweight geopolymer samples for thermal conductivity measurement.
Freeze-thaw cycles test of LWGP-FGA was measured on cubic samples with a side length
of 5 cm and cured for 28 days at room temperature. After this, the samples were immersed
in tap water for 4 days to ensure that they were saturated [ 124, 125]. Each freeze-thaw cycle
consists of freezing the samples at -20 °C for 4 hours, followed by thawing the samples
through immersion in tap water at room temperature (25 + 3 °C) for 4 hours, as shown in

Figure 41.

21 freeze-thaw cycle

— — 7 Freezing Thawing —_—
»» P X = 733 M
X »._ \5o0 by e
TWGBHGA curedat  yomersing in tap Weighed ; g Immersing in tap water for
room temperature fort o b e Freezing at 20 °C - i .
for 28 days WRSETRGIERCS for 4 hir r at room temperature

Figure 41. Freeze-thaw cycles test procedure of LWGP-FGA.

After completing 21 cycles, the change in weight and uniaxial compressive strength were

recorded [126-129]. The weight change was calculated using the following equation:

Weight change = (W) x 100; [wt.%] (12)

0

Where mo represents the weight of the sample before the freeze-thaw cycles, and meycle 1S
the weight of the sample after completing the cycles. The compressive strength reduction

was calculated using the following equation:

Strength reduction = (m) x 100 (13)

oo
Where oo represents the compressive strength of the sample before the freeze-thaw cycles,

and o cycle 1S the compressive strength of the sample after completing the cycles.
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Chapter Three/ Results and Discussion

This chapter includes the results of the PhD research work in six sections: the first discusses
the characterization results of FGA samples, the second discusses the results of MK-GP by
the effect of water glass dosage and curing temperature, third section discusses the results
of MK-GP by the effect of the liquid-to-solid ratio and curing temperature, the fourth section
includes the statistical analysis of MK-GP, and the final section presents the results related
to LWGP-FGA.

3.1 Results and discussion of foam glass aggregate characterisation’

3.1.1 Analysis of the heating microscopy results

Figures 42. and 43. show the silhouettes taken at various temperatures throughout the heating
process, at temperatures ranging from 20-1000 °C and the height percentage changes with

temperatures during the heating process.
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Figure 42. The heating microscopy results for CRT glass and a mixture (99 wt.% CRT-GW with 1 wt.% SiC)
samples, heating them at a temperature range of 20-1000 °C at a rate of 5 °C/ min.

The following subchapter is based on: Sarah Kareem Mohammed Al-Saudi, Robert Géber: Production of
lightweight geopolymer concrete with foam glass aggregate derived from cathode-ray glass waste, Case
Studies in Construction Materials, 2024. https://doi.org/10.1016/j.cscm.2024.e03888
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Figure 43. Silhouettes for CRT-GW glass and a mixture (99 wt.% CRT-GW with 1 wt.% SiC) at various
heating stages

Four distinguished stages were noticed. First, at the temperature range of 20-602 °C, the
specimen was nonreactive without a change in height. Second, at the temperature range of
602-720 °C is the densification or sintering step, in which local melting occurs, leading to the
particles' contact. This process results in shrinkage of the sample height, reaching 82% for
CRT-GW and 84% for the mixture.

In the third stage, at a temperature range of 720-800 °C, the behaviour became different
between glass and the mixture. CRT-GW continued to shrink, reaching 75% of its initial
height at a temperature of 800 °C. While in this stage, the mixture started to foam (expansion)
at a temperature of 720 °C. The reaction happened between the foaming agent and glass
particles with the release of CO, and the bubbles uniformly spread throughout the liquid
mass to form pores and expand in height. The maximum height expansion of 119% was
recorded at 800 °C. Fourth, at a temperature range of 800-1000 °C, the mixture becomes
softened with low viscosity, resulting in the gas passing through the mixture and escaping to
the atmosphere. Then, the foaming process and the reduction in height were stopped. This
stage is named hemisphere, so the sample height reduces to around < 0.6 to the original height.
Temperatures for foaming 725 °C, 750 °C, 775 °C, and 800 °C were selected to study how
they influenced the properties of foam glass aggregate, as explained in the previous

paragraph.

3.1.2 Characterisation of foam glass aggregate (FGA)

The bulk density and volume expansion results for FGA sintered at different temperatures are

shown in Figure 44.
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Figure 44. Volume expansion and bulk density for FGA at different foaming temperatures.

The volume expansion increased with the foaming temperature, while the bulk density
decreased. The highest volume expansion value was 77.56 vol% for samples sintered at the
maximum foaming temperature of 800 °C, while the lowest value was 8 vol% for samples
sintered at 725 °C, at which the foaming process started. The foaming temperatures were
selected depending on the heating microscopy results and the photographed image in Figure
44., the sample volume change.

The bulk density of the lightweight aggregate used in concrete must be lower than 1.2 g/cm®
according to EN 13055 standard [22]. The samples sintered at a temperature range of 750-
800 °C have a range of bulk density of 0.91-0.58 g/cm?, which is less than the standard limit,
while the bulk density of the sample sintered at 725 °C was 1.26 g/cm® over the standard
limit, so this sample was neglected for further investigations.

The macrostructures shown in Figure 45. reveal that the pore size and the number of closed
pores increased with the foaming temperature, and the distribution of pores was much more
uniform due to the rise in foaming temperature, which led to the continuation of the reaction
to produce more gas. On the other hand, the increase of foaming temperature led to reduced

viscosity of the mixture with higher inner gas pressure.
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' Figre 45. Macrostructure of the FGA (scle bar =2 mm).
As the foaming temperature increased, the sample darkened due to higher lead generation,
which is black in colour. Additionally, the melting of K20 (5 wt.%) at 740 °C formed a glassy
phase, creating a shiny surface, especially in samples sintered at 800 °C [130]. Figure 46.

shows the microstructure of FGA.

Figure 46. Microstructure of the FGA (scale bar=500 um).

Many small open pores appeared in the samples sintered at 750 °C, while when the
temperature increased to 775 °C and 800 °C, the pores expanded much more, and closed
honeycomb-shaped pores were formed. The average pore size of FGA was 0.18 mm, 0.49

mm, and 0.98 mm for samples sintered at 750 °C, 775 °C, and 800 °C, respectively.
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Typically, the apparent porosity is inversely proportional to the compressive strength; a high
porosity means a low-density material due to the presence of many voids, which reduces the
strength and the resistance to forces. The apparent porosity increases, and compressive

strength decreases during the foaming process, as shown in Figure 47.
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Figure 47. Apparent porosity and uniaxial compressive strength for FGA at different foaming temperatures.
According to the EN 13055 standard [22] the UCS value for FGA must be more than 1 MPa
[23, 24, 131]. All samples sintered at temperatures 725-800 °C have UCS values more than
the standard limit value. The lowest value, 1.55 MPa, was for the sample sintered at 800 °C.

Figure 48. illustrates the thermal conductivity range for FGA as 0.063 to 0.097 W/m-K.
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Figure 48. Thermal conductivity of the FGA at different foaming temperatures.
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The decline in thermal conductivity with increasing foaming temperature is attributed to
reduced density and increased porosity. This phenomenon occurs as air pockets within the
foam function as insulators, thus diminishing the ability to conduct heat.

The leaching process for solid waste material is a method used to measure the amount of
hazardous elements mass extracted from a waste substance when it comes in contact with a
liquid. There are standard limited concentrations for eight contaminants, as shown in Table
13., measured by a leaching test to identify hazardous solid waste when leaching results

indicate the same or higher concentration for these toxic elements [132, 133].

Table 13. Maximum acceptable concentration value of toxic contaminants from the leaching test [132, 133].

Conaminan | M1 soncniraton e

Arsenic 5.0

Barium 100.0
Cadmium 1.0
Chromium 5.0
Lead 5.0
Mercury 0.2
Selenium 1.0
Silver 5.0

The lead and barium concentrations of the leaching were measured for foam glass aggregates

produced at 750 °C, 775 °C, and 800 °C foaming temperatures (Figure 49.).
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Figure 49. The concentration of Pb and Br contaminants from the leaching test for FGA.
The lead concentrations for FGA recorded a value range of 0.021-0.12 mg/L, lower than the

standard maximum limit for lead. The lead concentration increases with the foaming

temperature due to the reaction of PbO with SiC, which occurred at a temperature range of
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720-800 °C and led to the generation of lead according to the following chemical equation
(D).

The higher foaming temperature ensures the completed reaction, increasing the amount of
lead metal produced. The barium concentration range value of 2.09-9.31 mg/L is also within
the standard limit. Note in Figure 49. that when the foaming temperature rises, the barium
concentration sharply decreases because the heating process leads to the BaO reaction with

Si0;, resulting in the creation of barium silicate according to the following equation:
BaO+Si0,— BaSiO; (14)

This reaction occurs during the heating up of the glass in the range between the transition
temperature (7) and the melting temperature (7). The transition temperature of the CRT
glass is approximately 580 °C [51, 134, 135]. The melting temperature of 994 °C was

recorded by a heating microscope.

3.1.3 The correlation amongst properties for FGA

The correlation between the bulk density, thermal conductivity, and compressive strength
values of the FGA prepared at different temperatures is illustrated in Figure 50. The
correlations were presented by using linear equations; both thermal conductivities and

compressive strength rise with the increase in density.
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Figure 50. The relationship between bulk density, thermal conductivity, and compressive strength of the FG.

3.1.4 Comparison of characteristics and preparation conditions of the FGA, previous
scientific articles

Foam glass is prepared using different types and percentages of foam agents and various
sintering conditions (foaming temperature, heating rate, and holding time). Table 14.

compares the foam glass prepared in this work with other research in the literature review.
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A key strength of this work is the relatively low sintering temperature range (725-800 °C),
which is more energy-efficient compared to some references that require temperatures as
high as 1230 °C. The resulting bulk density (0.58—1.26 g/cm?®) and compressive strength
(1.55-9.89 MPa) illustrate a good balance between weight and mechanical performance,
positioning this material well for structural or semi-structural applications. While the thermal
conductivity (0.06-0.09 W/m-K) is adequate for insulation, the use of CRT glass also raises
potential environmental concerns due to the presence of lead, a limitation not shared by

studies using soda-lime or container glass.

Table 14. Comparison of the results of this work with other previous studies on foam glass preparation.

Foaming agent Sintering conditions Main properties
Main raw ° ° © o °
materials o 5 =~ E = _ 2 o — £~ Ref.
@ Q ES - = .2 = S % § s g 2 <
5 ¢ 289 EFE EFE 25 i $if
= E £E2% §9 8% =2» gzE Eg:
“ 2 = = 8 S” -
CRT glass SiC 1 725, 750, 5 10 0.58- 1.55-9.89  0.06-0.09  This
waste 775, 800 1.26 work
Container SiC 2 849, 860 5 10 0.17- - 0.04-0.05 [136]
glass+CRT 0.18
(glass waste)
Soda-lime Limestone 2,4,6 800 5 10 0.26- - 0.04-0.13  [137]
silicate glass 0.92
waste
Glass Dolomite - 800, 850, - 7.5 0.3-14 - - [99]
+bentonite 900
Container SiC 2 954, 964 5 10 0.23- 0.7-2.5 0.037-0.04 [138]
glass+CRT 0.42
(glass waste)
Soda lime SiC 1, 1.5, 930,940, 10 5 0.2-0.3 - 0.04-0.05  [139]
silicate 2 986
glass waste
Waste glass + SiC 2 900, 1000, 20 20  0.55-2.3 - - [140]
mineral wool 1100, 1175,
waste 1200, 1230
Glass waste CaCOs 4 750 - 10 0.535 - - [141]
Glass waste CaCOs 0.5 600, 20 45 0.46- 4.2-10.5 0.36-1.3  [142]
+ coal fly ash 650,700, 0.72
glass 750, 800,
850, 900
CRT panel MnO, 0,1.8, 800, 820, 10 0-60 0.14- - 0.038- [52]
glass 3.6, 840 0.32 0.05
5.4,
7.2,9
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3.2 Results and discussion of MK-GP with different dosages of water glass in the
activator solution and cured at 60 °C and 75 °C?

3.2.1 Bulk density and volume shrinkage

The analysis of the physical properties of MK-GP was performed after 28 days of curing.
Curing conditions were: one day at 60 °C, and 75 °C, 27 days at room temperature. The
volume shrinkage of the specimens was found to increase with increasing sodium-silicate
(water glass) content and curing temperature because these two reasons lead to chemical
shrinkage in forming silica-rich gels and promote the formation of larger gel holes [143].

The results of bulk density and volume shrinkage tests of the geopolymer are shown in

Figure 51.
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Figure 51. Bulk density and volume shrinkage of MK-GP with different dosages of water glass in activator
solution and cured at 60 °C and 75 °C.

The bulk density of the geopolymers prepared at 60 °C and 75 °C curing temperatures ranges
from 1.13-1.52 g/cm? to 1.05-1.33 g/cm?, respectively. The density of the MK-GP samples
decreases as the curing temperature increases. The reason for this phenomenon is that the
samples lose more moisture during the curing process at higher temperatures. Therefore,
preventing water loss before the geopolymer paste is fully cured is critical. If the specimen
is cured at higher temperatures and/or in a dry oven, large shrinkage and even small cracks

will occur on the surface of the specimen [144]. The relationship between density and

2 The following subchapter is based on Al-Saudi Sarah Kareem Mohammed et al.: Comparative study of
metakaolin-based geopolymer characteristics utilizing different dosages of water glass in the activator
solution, Results in Engineering, 2023. https://doi.org/10.1016/j.rineng.2023.101469
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apparent porosity depends on factors such as curing conditions (temperature and time), and
processing methods. The percentage of pores and pore size distribution effect the GP

properties. The samples cured at 75 °C had a lower density and reduced strength [145].

3.2.2 Compressive strength test results

The results of the progression of the compressive strength of MK-GP at different ages (7,
14, and 28 days) cured at two different temperatures, 60 °C and 75 °C, are shown in Figure
52.

20 - 7 days H14 days 128 days 20 7 days [E14 days 28 days
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Compressive strength (MPa)

0 25 50 75 100 0 25 50 75 100
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(a) Curing temperature: 60 °C (b) Curing temperature: 75 °C

Figure 52. Compressive strength of MK-GP cured at (a) 60 °C and (b) 75°C for one day
The influence of the curing temperature can be seen. Specimens cured at 60 °C have higher
compressive strength values with a range of 10.71-16.3 MPa after 28 days than those cured
at 75 °C with a range of 8.51-11.01 MPa. The compressive strength tends to decrease when
the curing temperature is higher than 60 °C due to the chemical shrinkage of the geopolymer
gel increases with the increase of curing temperature and curing time, resulting in more gel
holes and micro defects (explained in later sections of SEM), and the strength decreases
[146]. The strength of the geopolymer was affected by different dosages of water glass in
the activator solution, the compressive strength increased with increasing water glass
content. The maximum compressive strength of 16.3 MPa was achieved at 50 wt.% water
glass. Moreover, the use of water glass helps to improve the geopolymerisation by
accelerating the dissolution of the starting material [147]. Increasing the dosage of water
glass was found to enhance the rate of geopolymerisation. However, when the water glass
content exceeded 50 wt.%, a decline in compressive strength was observed. This reduction
in strength can be attributed to the excessively high alkali content, which impedes the
geopolymerisation process. Specifically, the precipitation of the Al-Si phase hinders the
interaction between the solid precursors and the alkaline activator in its liquid form,

ultimately leading to a decrease in the effective concentration of the activator. This finding
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aligns with previous research [148,116] indicating that while an optimal alkali content
promotes geopolymer formation, an excessive amount can have a detrimental effect on

strength development.

3.2.3 Efflorescence

The migration of excess alkali solution within the geopolymer matrix occurs through the
material’s porous structure, eventually reaching the surface. Once exposed to air, this
alkaline solution undergoes evaporation, simultaneously reacting with atmospheric CO; to

form carbonate deposits, as illustrated in Figure 53.
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Figure 53. The geopolymer efflorescence mechanism [121].

This process is a result of the natural interaction between alkaline residues and
environmental carbon dioxide, leading to the gradual formation of carbonate compounds on

the surface of the geopolymer as the following equations [121]:
CO;z ) +20H (o) — C032'(aq)+H20 (15)
2 Na* ag T C032'(aq) +n H;O — Na;COs3nH;O0 (16)

The most common method for detecting efflorescence is visual inspection. Figure 54. shows
the geopolymer binders cured at 60 °C for one day and 27 days at room temperature after

contact with distilled water for 2 days.

MK-GPO MK-GP25 MK-GP50 MK-GP75 MK-GP100

Figure 54. Efflorescence of MK-GP cured at 60 °C for 28 days with different water glass dosages of the
activator solution.

For the MK-GPO (100 wt.% NaOH), severe efflorescence (a heavy salt deposition

accompanied by surface pulverization) occurred due to the excessive amount of Na ions. The
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availability of the OH™ and Na" ions is critical for this process, leading to the deposition of
sodium carbonate hydrates. The N(C)-A-S-H gels of the geopolymers have a significant
efflorescence-inhibiting effect due to their compact structure, compressive strength, and
water-loss rate. Slight efflorescence (salt coverage not exceeding 10% by volume) occurred
in MK-GP50 containing [50/50 wt.%] water glass to sodium hydroxide. Si/Al was 1.85
(measured by EDX analysis, described later), this can be attributed to a suitable Si/Al ratio
of the geopolymer to form gel products formed by reaction with compact structures that
effectively solidify [AlO4] and Na. Moderate efflorescence (salt deposits of 50% by volume)
occurred in samples containing MK-GP25, MK-GP75, and MK-GP100.

3.2.4 SEM and EDX analysis

The microstructure of MK-GP50 was characterized at two different magnifications (500x
and 1000x). The sample exhibited a heterogeneous microstructure. Partially reacted and
unreacted metakaolin were detected in the matrix sample. Figure 55. (A-B) displays that
microcracks and voids are present in the geopolymer matrix of a sample cured at 60 °C,
while Figure 55. (C-D) displays a denser, gel-like geopolymer matrix and porosity present

in a sample cured at 75 °C.
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Figure 55. Scanning electron micrographs of specimens containing 50 wt.% water glass at different
magnifications (500x and 1000x) at different curing temperatures (A-B) 60 °C and (C-D) 75 °C. (GP:
Geopolymer gel, MK: Unreacted metakaolin, MC: Micro crack, V: Void, P: Porosity).
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This suggests that the pores in the gel phase become coarser upon curing at higher
temperatures. Previous studies [149, 150] have shown that MK-GP shrinks chemically as
silica-rich gels form. Thus, a higher curing temperature and a longer curing time would
increase the chemical shrinkage of the geopolymer and lead to the formation of larger gel
pores with a greater number of microdefects. The microstructure of the MK-GP50 at 2000x
magnification with EDX (energy dispersive X-ray) analysis for two different locations has
optimum properties, higher compressive strength compared to other samples' compressive
strength, and slight efflorescence. According to EDX examination, the main components
were Si, Al, Na, O, and C. Figure 56. shows the microstructure and EDX analysis of a GP50
sample cured at 60 °C.
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Figure 56.Scanning electron micrographs and EDX analysis for MK-GP50 cured at 60 °C.

The first spot shows characteristics of geopolymer gels with a Si/Al ratio of 1.66 and a Si/Na
ratio of 2.55. Conversely, the second spot, which also relates to the geopolymer gel, displays
a Si/Al ratio of 1.88 and a Si/Na ratio of 3.24. The average Si/Al ratio and Si/Na ratio for
this sample are 1.85 and 2.59, respectively. The EDX and micrograph for the GP50 sample

cured at 75 °C can be seen in Figure 57.
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Figure 57. SEM and EDX analysis for MK-GP50 cured at 75 °C.

The micrograph shows two distinct regions: the first has a Si/Al ratio of 1.79 and a Si/Na
ratio of 3.03, while the second, containing the unreactive metakaolin, has a Si/Al ratio of
1.63 and a Si/Na ratio of 2.91.

The average Si/Al weight ratio is 2.05, while the Si/N weight ratio is 3.17. Since the reaction
is faster and stronger at higher temperatures, the Si/Al and Si/Na ratios were higher for the

samples cured at 75 °C than those cured at 60 °C.

3.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
Figure 58. shows the FTIR spectra of the samples (MK-GP0, MK-GP25, MK-GP50, MK-
GP75, and MK-GP100) cured at 60 °C for one day and at room temperature for 27 days. The

characteristic peaks are summarised in Table 15.
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Figure 58. FTIR spectra of MK-GP cured at 60 °C with different water glass dosages of the activator
solution.

Table 15. FTIR bands observed on the investigated samples

Peak wavenumber (cm™) Identification [99][151]
3691.53 - 2950.53 Stretching hydrogen-bonded O-H
1658.68 Chemical vibrations of water H-O-H
1094.21-999.006 - 975.21- 977.85 Deforming vibrations Si-O
796.55 Stretching vibration Al-O
551.60 Bending vibrations Si-O

According to the results of the FTIR tests, the wavenumber range 3691.53 to 2950.53 cm’

and the wavenumber value 1656.68 cm’!

originated from O-H valence and H-O-H
deformation vibrations of the adsorbed water. The strength of these bonds showed an inverse
correlation with the amount of water glass present [152]. The bands at 1100 cm™ and 900
cm’!, which belong to the stretching of the Si-O bonds, are shifted to higher wavenumbers
as the water glass content increases. The shape of these bands changes due to structural
arrangements in the geopolymer caused by the change in NaOH content in the activator
solutions. When using high dosage for water glass, the Si-O stretching of tetrahedra, in which
the silicon is surrounded by three bridging oxygen units and one non-bridging oxygen, is
more pronounced [153]. The structure is the building block of the Si-O-X (X = Si, H, O)
geopolymer. A shift of the Si-O-X stretching band to lower wavenumbers when sodium

hydroxide content increases, shows lengthening of the Na or H bonds and shrinkage of the

bond angle [154]. The prominent peaks of the Si-O band in the geopolymer binder without
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water glass (0 wt.%) appeared at 977.85 cm™, while those in the samples containing 25 wt.%
and 50 wt.% water glass were observed at 975.2 cm™.

The Si-O bond shifts to the left as the water glass content increases at 75 wt.% and 100 wt.%
water glass at 999.006 cm™ and 1049.21 cm™!, respectively. Based on previous scientific
works [152, 155] the range of 800- 550 cm™ contains the bands corresponding to the
vibrational bonds of the secondary building blocks and represents the fingerprint of the
geopolymer structure. The production of these rings is the result of the combination of SiO4
and an AlO4 tetrahedron. The peak at 796.98 cm™! indicates Al-O geopolymer bonding, in
which the glassy component of metakaolin reacts with the alkaline activator to produce a
new product, the geopolymer gel [155].

3.2.6 XRD phase analysis

Figure 59. illustrates the results of XRD diffraction analysis of MK-GP samples cured at 60

°C with different water glass dosages of the activator solution.
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Figure 59. X-ray diffraction of MK-GP cured at 60 °C with different water glass dosages of the activator
solution.

The low quartz diffraction peak is visible in the XRD pattern in all samples. The XRD pattern
of the samples MK-GP75, MK-GP50, and MK-GP25 shows the typical broad peak at around
28°-36° 20, which is the fingerprint of N-A-S-H (sodium alumino-silicate hydrate) thought
to be the defining characteristic of the diffractogram of all geopolymer [156, 157]. The XRD
pattern of the sample MK-GPO shows several diffraction peaks that can be assigned to the
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artificial zeolite (NagsAlosSissOss4.216H20), proving that it is not a geopolymer. The
literature has reported that the alkaline activation of metakaolin at elevated temperatures
leads to the crystallization of zeolitic phases [149, 158].

3.2.7 Thermal conductivity

The standard value for the thermal conductivity of normal OPC concrete is usually between
1.4-3.6 W/m-K. In comparison, the measured thermal conductivity of MK-GP has lower
values in the range of 0.09-0.39 W/m-K. This is one of the main advantages of geopolymer
[159]. The thermal conductivity of geopolymer depends on various factors, including
chemical composition and density. Typically, materials with higher density also have a
higher thermal conductivity value due to the densely packed atoms or molecules, which
allows for more efficient heat transfer, but higher density does not necessarily mean higher

thermal conductivity in all cases. The thermal conductivity results are shown in Figure 60.
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Figure 60. The thermal conductivity values are inversely related to the bulk density of
MK-GP.

The value of thermal conductivity is inversely proportional to the bulk density and increases
with increasing NaOH content, which is due to the NaOH effect because it contains free
ions: Na* and OH" and is, therefore, conductive [160]. When the NaOH content increases,

the thermal conductivity also increases, and the bulk density decreases. The sample MK-
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GP100 had a higher density of 1.52 g/cm? and a lower thermal conductivity of 0.09 W/m-K
and the sample MK-GPO had a lower bulk density and higher thermal conductivity of 0.39
W/m-K. Jaya et al. [161] studied the thermal conductivity at various molarities between 8 M
and 14 M. The lowest value, 0.71 W/m-K, was found to be measured at 8 M, and the highest
value, 0.97 W/m-K, was discovered to be measured at 14 M. Wongkeo et al. [162]
investigated the thermal conductivity for lightweight geopolymer concrete with different

NaOH dosages.

3.3 Results and discussion of MK-GP made with different liquid-to-solid ratios and
cured at 60 °C and room temperature?

Based on the findings from sub-chapter 3.2, this section explores the preparation of the
geopolymer binder using a Na»SiOs;/NaOH ratio of 1, cured at both 60 °C and room
temperature, with varying liquid-to-solid ratios of 0.8, 0.95, and 1.1.

3.3.1 Bulk density

The bulk density of the geopolymer binders in samples that were cured at two different
temperatures and had different liquid-to-solid ratios was measured. As shown in Figure 61.,
the bulk density range of the binders cured at 60 °C for 24 hours was 1.172-1.295 g/cm?, and

that of the binders cured at room temperature was 1.213-1.42 g/cm’.
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Figure 61. Bulk density of geopolymer binders with different liquid-to-solid ratios cured at two different
temperatures.

As the curing temperature increases, the binder density decreases due to increased moisture

loss during polymerization. It is necessary to prevent water loss before the binder is

3 The following subchapter is based on Al-Saudi Sarah Kareem Mohammed and Rébert Géber: Effect of liquid-
solid ratio on metakaolin-based geopolymer binder properties, Pollack Periodica, 2024.
https://doi.org/10.1556/606.2024.01141
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completely cured [144]. Note that the bulk density of the binders reduces with the increase
of the liquid-to-solid ratio. The highest density was 1.42 g/cm?® for the sample with a liquid-
to-solid 0.8 ratio (cured at room temperature). When the liquid-to-solid ratio in geopolymers
is higher, pores are formed, particles are not packed tightly enough, the volume of the sample
shrinks more, and the porosity increases. All these factors lead to a notable reduction in the
binder's density [165].

3.3.2 Compressive strength

In this work, the metakaolin-based geopolymer achieved its maximum compressive strength
for samples cured at room temperature by adjusting the amount of the liquid-to-solid ratio
and kaolin calcination temperature depending on previous works [116]. The compressive

strength of the geopolymer binders cured for 28 days is presented in Figure 62.
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Figure 62. Compressive strength of geopolymer binders with different liquid-to-solid ratios cured at two
different temperatures

The compressive strength range of the binders cured at 60 °C for 24 hours and 27 days at
room temperature was 16.3-17.91 MPa, and that of the binders cured at room temperature
for 28 days was 17.01-19.2 MPa. The compressive strength of the binders was influenced
by the ratios of liquid-to-solid components. The highest strength recorded was 19.20 MPa,
observed in samples with a liquid-to-solid ratio of 0.8, cured at room temperature. Increasing
the solid content in geopolymer binders mainly improves the mixture by good packing,
enhanced chemical reaction, and reduced porosity, all which factor in improving
compressive strength. According to previous work, poor workability of the fresh paste and

the reduction of compressive strength of the hardened binder were observed when the liquid-

60



to-solid ratio was less than 0.4, This happened because the amount of activator solution was
insufficient to complete the polymerization process [163, 164].

3.3.3 Setting time

Both initial and final setting times were measured for geopolymer binders cured at room

temperature with different liquid-to-solid ratios, as shown in Figure 63.
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Figure 63. Setting time of geopolymer binders with different liquid-to-solid ratios cured at room
temperature.

It was found that the setting times for the geopolymer binder decreased as the liquid-to-solid
ratio decreased. The shortest initial setting time was recorded at 288 minutes, and 358
minutes for the final setting for the geopolymer binder with a 0.8 liquid-to-solid ratio. This
was due to the increased mixture viscosity leading to the delayed formation of geopolymer
gel [165]. The standard setting times of ordinary Portland cement are: the initial setting time
should be more than 45 minutes, and the final setting time should be less than 390 minutes.
Regarding this matter, the sample with a liquid-to-solid ratio of 0.8 underwent setting within
the specified standard setting time limit. This is one of the advantages of metakaolin-based
geopolymers advantages their setting at room temperature is more rapid than fly ash-based
geopolymers [166]. The ultimate final setting time of fly ash-derived geopolymer solidifying
at room temperature is approximately 1800 minutes [167].

3.3.4. Thermal conductivity

Figure 64. presents the thermal conductivity values of geopolymer binders, which were in
the range of 0.28-0.49 W/m-K for samples cured at room temperature with different liquid-
to-solid ratios. As the liquid-to-solid ratio in a geopolymer binder increases, the thermal
conductivity of the material reduces because of the decreased bulk density of the mixture.
Denser materials generally have a greater thermal conductivity rating because their atoms

and molecules are more closely packed, allowing for active heat transfer.

61



s Thermal conductivity —i— Bulk density

0.6 1.7
1.42
o 055 | 1.5
2 1.337
E 0.40 1.213 L
505 13 -
< £
= L 11 2
E 045 E]
b oo &
s 04 E
2 0.35 07 =
= 035 =
E F 0.5 m
&
g o3 0.28 | os
0.25 L 041
0.2 0.1
0.8 0.95 11

Liquid-to-soild ratio

Figure 64. Thermal conductivity of geopolymer binders with different liquid-to-solid ratios cured at room
temperature

3.3.5 Microstructure

Figure 65. illustrates the microstructural composition of the geopolymer binders.
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Figure 65. SEM micrographs of geopolymer binders with different liquid-to-solid ratios at magnifications
500x cured at room temperature (GP.: Geopolymer gel, MC: Micro crack, ME: metakaolin)

The samples were made using two liquid-to-solid ratios: 1.1 and 0.8 cured at room
temperature. The microstructure of the two samples displayed unreacted metakaolin and
some microcracks in the gel matrix. In a sample with a lower liquid-to-solid ratio of 0.8, the
resultant gel exhibited a comparatively denser and more uniformly structured composition
characterized by reduced pore size. Conversely, in samples with a ratio of 1.1, geopolymer
specimens displayed heightened occurrences of cracks and larger pores. Higher liquid-to-
solid ratios in geopolymer binder formulations typically result in increased porosity. This
phenomenon occurs because a greater amount of water is present, which facilitates the
formation of voids within the binder matrix [163]. As a result, the overall porosity of the
geopolymer tends to rise, potentially impacting properties such as strength, durability, and

permeability.
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3.4 Statistical analysis of metakaolin-based geopolymer characterisation

The statistical analysis aims to identify the key factors following water glass content, curing
temperature, and liquid-to-solid ratio. That has the most significant impact on geopolymer
performance. Additionally, the analysis is to develop a linear regression model to predict
geopolymer properties, including bulk density, compressive strength, and thermal
conductivity, according to input variables.

The data collected from previous studies on metakaolin-based geopolymer were
systematically analysed and consolidated into a statistical model using the Minitab program.
This model predicts the geopolymer binder's bulk density, compressive strength, and thermal
conductivity through a multilinear regression approach based on three key variables, as
detailed in Table 16. A comprehensive summary of the experimental procedures and results

is presented in Table 17.
Table 16. Geopolymer binder variables.

Variables name Level values
Water glass dosage (wt.%) 0; 25; 50; 75 and 100
Curing temperature (°C) 75; 60; and 25 (room temperature)
Liquid-to-solid ratio 0.8;0.95and 1.1

Table 17. A summary of the results of the experiments on metakaolin-based geopolymers.

Number | Water s | | Liguio. | Bk | Conprenive | e
of runs | dosage (wt.%) ©C) solid ratio (g/end) (MPa) (W/m'K)
1 0 75 1.1 1.05 8.51 0.41
2 25 75 1.1 1.11 8.33 0.38
3 50 75 1.1 1.12 11.01 0.26
4 75 75 1.1 1.15 8.67 0.20
5 100 75 1.1 1.33 9.02 0.10
6 0 60 1.1 1.13 10.71 0.39
7 25 60 1.1 1.16 11 0.37
8 50 60 1.1 1.17 16.3 0.23
9 75 60 1.1 1.33 12.72 0.19
10 100 60 1.1 1.52 12.46 0.09
11 50 60 0.95 1.19 16.97 0.33
12 50 60 0.8 1.29 17.91 0.41
13 50 25 1.1 1.21 17.01 0.28
14 50 25 0.95 1.37 17.86 0.35
15 50 25 0.8 1.42 19.2 0.49
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3.4.1 Statistical analysis for bulk density

Table 18. summarizes the results of an Analysis of Variance (ANOVA) for a regression model
of geopolymer bulk density with the effect of three factors: water glass dosage, curing

temperature, and liquid-to-solid ratio.

Table 18. Statistical analysis of geopolymer bulk density (g/cm?).

Source DF Seq SS Contribution | Adj SS Adj MS | F-Value | P-Value
Regression 3 0.085258 86.00% 0.085258 | 0.028419 12.28 0.006
Water glass dosage
1 0.065073 65.64% 0.057455 | 0.057455 24.83 0.002
(wt.%)
Curing temperature
©C) 1 0.012456 12.56% 0.008195 | 0.008195 3.54 0.109
Liquid-to-solid ratio| 1 0.007728 7.80% 0.007728 | 0.007728 3.34 0.117
Error 6 0.013884 14.00% 0.013884 | 0.002314 -—-- -—--
Total 9 0.099142 100.00% ---- | -

The regression model is statistically significant (F-Value=12.28, P-Value=0.006,
contribution error=14%). This indicates that the predictors, collectively, explain a
significant portion (86%) of the variation in the response variable. The remaining 14% is
unexplained and attributed to random error or factors not included in the model. The water
glass dosage factor has the largest impact on the response, contributing 65.64% of the total
variation. Curing temperature explains 12.56% of the variation, the second highest among
the predictors. Liquid-to-solid ratio factor contributes the least to the model, accounting for
7.80% of the variation.

The Pareto chart provides a graphical representation of the standardized effects of the
predictors on the response variable (Bulk Density in g/cm?) at a significance level as shown
in Figure 66.

Pareto Chart of the Standardized Effects

(response is Bulk density (g/cm3), o = 0.05)

Term 2.447

Predictor  Name

A Water glass dosage (wt %)
B Curing temperature (°C)

4 Liquid to solid ratio

i
0 1 2 3 4 H
Standardized Effect

Figure 66. Pareto chart of geopolymer bulk density.
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The red dashed line represents the critical value of 2.447, indicating the minimum effect size
required for a predictor to be statistically significant at a 95% confidence level (0=0.05).
Predictors with effects exceeding this threshold are considered significant, meaning they
have a meaningful impact on the response variables. The critical value is derived from the t-
distribution based on the chosen significance level (0=0.05) and degrees of freedom (DF=6),
ensuring the reliability of the regression model in evaluating geopolymer properties.

The Pareto chart visually confirms that water glass dosage (A) is the most critical factor for
bulk density while curing temperature (B) and liquid-to-solid ratio (C) show weaker, non-
significant effects in the current model.

The 3D surface plot (Figure 67.) illustrates the relationship between the bulk density of

geopolymer materials and two key variables: water glass content and curing temperature.

Bulk density( g/cm®)

80

Curing temperature (°C)

Figure 67. 3D surface plot of geopolymer bulk density with two variables (water glass content and curing
temperature)

The plot reveals how variations in these factors influence bulk density, highlighting optimal
ranges where the highest density is achieved. A regression equation is a mathematical model
that describes the relationship between geopolymer bulk density and the three independent

variables, according to regression coefficients (Table 19.), as follows:

Bulk density (g/cm’) - 1.478 + 0.002920 - Water glass dosage (wt.%) -0.001681 - Curing

temperature (°C) - 0.286 - Liquid to solid ratio * error (17)
Table 19. Regression coefficients of geopolymer bulk density.
Term Coef. SE Coef. 95% CI T- P-Value
Value
Constant 1.478 0.165 (1.074, 1.882) 8.95 0.001
Water glass dosage (wt.%) 0.002920 | 0.000586 (0.001486, 4.98 0.002
0.004353)
Curing temperature (°C) -0.001681 | 0.000893 (-0.003867, -1.88 0.109
0.000505)
Liquid-to-solid ratio -0.286 0.157 (-0.670, 0.097) -1.83 0.117
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The error percentage for the average readings was calculated to be 4.023%, well below the
5% threshold. As shown in Table 20., this indicates a high level of accuracy and reliability
in the measurements, as shown in Figure 68., the relationship between the calculated and

measured bulk density.

Table 20. Measured and calculated along with the error percentage for the geopolymer bulk density (g/cm?).

Number of runs Measured value Calculated value Error % (%)
1 1.05 1.0373 1.2071
2 1.11 1.1103 0.0292
3 1.12 1.1833 5.6540
4 1.15 1.2563 9.2456
5 1.33 1.3293 0.0507
6 1.13 1.0625 5.9699
7 1.16 1.1355 2.1086
8 1.17 1.2085 3.2940
9 1.33 1.2815 3.6436
10 1.52 1.3545 10.8855
11 1.199 1.2514 4.3736
12 1.29 1.2943 0.3364
13 1.213 1.2673 4.4826
14 1.37 1.3102 4.3594
15 1.42 1.3531 4.7059

Average error (%) 4.0231
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Figure 68. Relationship between the calculated and measured geopolymer bulk density
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3.4.2 Statistical analysis for compressive strength
Table 21. presents the results of a regression analysis for geopolymer compressive strength.

Table 21. Statistical analysis of geopolymer compressive strength.

Source DF | Seq SS | Contribution | Adj SS | Adj MS | F-Value | P-Value
Regression 3 |117.773 78.95% 117.773 |  39.258 7.50 0.019
Water glass dosage (wt.%) 1 5.832 3.91% 1.791 1.791 0.34 0.580
Curing temperature (°C) 1 | 76.143 51.04% 52793 | 52.793 10.09 0.019
Liquid-to-solid ratio 1 | 35.798 24.00% 35.798 | 35.798 6.84 0.040
Error 6 | 31.404 21.05% 31.404 5.234 e e
Total 9 |149.177 100.00% -—-- -—-- | -

The overall regression model is statistically significant, with an F-value of 7.50 and a p-
value of 0.019. Among the factors, curing temperature has the greatest influence on the
response, explaining 51.04% of the total variation. The liquid-to-solid ratio follows,
contributing 24% of the variation, while water glass dosage has the smallest impact,
accounting for only 3.91% of the variation. A Pareto chart provides graphical proof of this

(Figure 69.).

Term

2.4;4.?
i Predictor Mame

A Water glass dosage {wt %)
B Curing temperature (*C)
C Liquid to solid ratic

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

Standardized Effect
Figure 69. Pareto chart of geopolymer compressive strength.
Based on the statistical analysis for geopolymer compressive strength, curing temperature
and liquid-to-solid ratio are identified as the most influential factors. The 3D surface plot

(Figure 70.) visually depicts the relationship between these variables and the compressive

strength of geopolymer materials.
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Figure 70. 3D surface plot of geopolymer compressive strength with two variables (curing temperature and
liquid-to-solid ratio).
A regression equation is a mathematical model that defines the relationship between
geopolymer compressive strength and the three independent variables, according to

regression coefficients (Table 22.), expressed as follows:

Compressive strength (MPa) - 40.81 + 0.0163 - Water glass dosage (wt.%) - 0.1349 - Curing

temperature (°C) - 19.49 - Liquid-to-solid ratio * error (18)
Table 22. Regression coefficients of geopolymer compressive strength.

Term Coef | SE Coef 95% CI T-Value | P-Value
Constant 40.81 7.85 (21.60, 60.02) 5.20 0.002
Water glass dosage 0.0163 0.0279 | (-0.0519, 0.0845) 0.59 0.580
(wt.%)

Curing temperature (°C) | -0.1349 0.0425 | (-0.2389, -0.0310) -3.18 0.019
Liquid-to-solid ratio -19.49 7.45 (-37.72,-1.25) -2.62 0.040

Table 23. shows the error percentage for compressive strength readings. The error percentage
for the average readings was 10.58%, depending on the references [168, 169] an error
percentage of up to 20% in engineering applications is often considered acceptable due to
the inherent complexity and natural variations in materials and processes, as shown in Figure

71., the relationship between the calculated and measured compressive strength.
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Table 23. Measured and calculated data, along with the error percentage, for the geopolymer compressive

strength (MPa).

Number of runs Measured value Calculated value Error (%) ()
1 8.51 9.253 8.7367
2 8.33 9.661 15.9783
3 11.01 10.068 8.5513
4 8.67 10.476 20.8304
5 9.02 10.883 20.6596
6 10.71 11.277 5.2941
7 11 11.684 6.2227
8 16.3 12.092 25.8159
9 12.72 12.499 1.7334
10 12.46 12.907 3.5874
11 16.97 15.015 11.5173
12 17.91 17.939 0.1619
13 17.01 16.813 1.1552
14 17.86 19.737 10.5095
15 19.2 22.660 18.0234

Average Error (%) 10.5851
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Figure 71. Relationship between the calculated and measured geopolymer compressive strength.

3.4.3 Statistical analysis for thermal conductivity

Table 24. shows the regression analysis of the geopolymer thermal conductivity.

Table 24. Statistical analysis of geopolymer thermal conductivity.

Source DF Seq SS | Contribution | Adj SS | Adj MS | F-Value | P-Value
Regression 3 0.096652 80.75% 0.096652|0.032217| 8.39 0.014
Water glass dosage (wt.%) 1 0.067696 56.56% 0.07029510.070295 | 18.31 0.005
Curing temperature (°C) 1 0.000003 0.00% 0.001416 10.001416| 0.37 0.566
Liquid-to-solid ratio 1 0.028953 24.19% 0.028953|10.028953 | 7.54 0.033
Error 6 0.023038 19.25% 0.023038 | 0.003840
Total 9 0.119690 100.00%
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The overall statistical model has an F-value of 8.39 and a p-value of 0.014. The water glass
dosage and liquid-to-solid ratio had the most substantial, accounting for water glass dosage
for 56.56% of the total variation, and the liquid-to-solid ratio contributed 24.19%, while
curing temperature had no impact, with a contribution of 0%. This is further supported by

the Pareto chart shown in Figure 72.

Term

Predictor MName

A Water glass dosage (wt %)
B Curing temperature (*C)

c Liquid to solid ratio

0 1 2 3 4
Standardized Effect

Figure 72. Pareto chart of geopolymer thermal conductivity.

Figure 73. represents the 3D surface plots for geopolymer thermal conductivity with

influencing factors: water glass dosage and the liquid-to-solid ratio.

Thermal conductivity
(Wm'K)

80

Water glass dosage (wt %)

Liquid to solid ratio
Figure 73. 3D surface plot of geopolymer thermal conductivity with two variables (liguid-to-solid ratio and

water glass dosage)

A regression equation is a mathematical model that defines the relationship between
geopolymer thermal conductivity and the three independent variables, according to

regression coefficients (Table 25.), expressed as follows:
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Thermal conductivity (W/m-*K) - 0.981 - 0.003229 - Water glass dosage (wt.%) + 0.00070 - Curing
temperature (°C) - 0.554 - Liquid-to-solid ratio £ error (19)

Table 25. Regression coefficients of geopolymer thermal conductivity

Term Coef SE Coef| 95% CI | T-Value | P-Value
Constant 0.981 0.213 (0.460, 4.61 0.004
1.501)
Water glass dosage (wt.%) | -0.003229 [0.000755|(-0.005076, -| -4.28 0.005
0.001383)
Curing temperature (°C) | 0.00070 | 0.00115 | (-0.00212, 0.61 0.566
0.00351)
Liquid-to-solid ratio -0.554 0.202 (-1.048, - -2.75 0.033
0.060)

The average error percentage of the geopolymer thermal conductivity readings was 7.47 %
(Table 26.). Figure 74. shows the relationship between the calculated and measured thermal

conductivity.

Table 26. Measured and calculated data, along with the error percentage, for the geopolymer thermal
conductivity (W/m-K).

Measured thermal conductivity (W/m*K)

Number of runs Measured value Calculated value Error (%) (¥)
1 0.412 0.4241 2.9368
2 0.38 0.3433 9.6381
3 0.261 0.2626 0.6321
4 0.2 0.1819 9.0375
5 0.1 0.1012 1.2
6 0.39 0.4136 6.0512
7 0.37 0.3328 10.0337
8 0.23 0.2521 9.6304
9 0.19 0.1714 9.7763
10 0.09 0.0907 0.7777
11 0.331 0.3352 1.2839
12 0.412 0.4183 1.5412
13 0.28 0.2276 18.6964
14 0.35 0.3107 11.2142
15 0.49 0.3938 19.6224

Average Error 7.4715
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Figure 74. Relationship between the calculated and measured geopolymer thermal conductivity.
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3.5 Characterisation of lightweight geopolymer with foam glass aggregate (LWGP-FGA)

Based on the results of the previous sub-chapters, the geopolymer binder was used to
produce LWGP_FGA (water glass/NaOH ratio was 1, L/S ratio was 0.8, sodium hydroxide
molarity 10 M, and cured at room temperature). Foam glass aggregate, sintered at

temperatures of 750°C, 775°C, and 800°C, was used in the production of LWGP-FGA.

3.5.1 Bulk density and compressive strength*
Figure 75. shows the results of the bulk density and compressive strength for LWGP-FGA.

The samples were measured after 28 days and cured at room temperature. LWGP-FGA had a
bulk density range of 1.17-1.29 g/cm® and a compressive strength range of 8.02-19.2 MPa.
These values comply with the requirements of LWC to classify the second group as

“Structural/Insulating”. A big reduction was observed for compressive strength values

reaching 53.18%, 52.56%, and 57.86% using FGA sintered at 750 °C, 775 °C, and 800 °C,

respectively.
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Figure 75. Bulk density and compressive strength results for LWGP-FGA.

The compressive strength of LWGP-FGA depended mainly on different factors, such as the
compressive strength of the FGA, the interfacial adhesion of the aggregate grain to the
geopolymer binder and the strength of the geopolymer binder. The cut cross-section area for

LWGP-FGA, the sample LWGP-FGA750, shows the adhesion failure between the FGA and

4 The following subchapter is based on: Sarah Kareem Mohammed Al-Saudi, Robert Géber: Production of

lightweight geopolymer concrete with foam glass aggregate derived from cathode-ray glass waste, Case
Studies in Construction Materials, 2024. https://doi.org/10.1016/j.cscm.2024.e03888
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geopolymer binder, which led to a weak contact surface around the FGA inside the
geopolymer binder, therefore, the compressive strength was reduced (Figure 76.). The
samples LWGP-FGA775 and LWGP-FGA800 show good binding between the geopolymer

binder entered the FGA pores on the surface.

(A) LWGP-FGA750 (B) LWGP-FGA775 (C) LWGP-FGAS00

Figure 76. The failure surface of concrete, which can be used to determine the quality of adhesion/bond
between the aggregate and the binder.

Figure 77. shows that fracture FGA surfaces differed significantly from each other. When
lightweight geopolymer concrete incorporating FGA undergoes compressive loads, the force
is transmitted from the geopolymer matrix to the FGA granules through the bonding at their
interface. Note that in the LWGP-FAG750 samples, no crushing was observed because the
stress transfer in the weak interface bond prevented the aggregate from being subjected to
stress. As shown in the sample LWGP-FGA775, FGA was split and separated. The FGA in
sample LWGP-FGA800 was crushed in the matrix due to adequate surface roughness,
promoting mechanical interlocking and adhesion with the geopolymer paste, enhancing the

bond strength.

800 °C

Figure 77. The FGA fracture shape after the compressive test for LWGP.

3.5.2 The thermal conductivity
The thermal conductivity in the normal concrete structure is usually between 1.4 to 2.9
W/m-K. In contrast, according to ASTM standard [170], lightweight concrete typically has

much lower values, generally ranging from 0.065 to 1.05 W/m-K. This lower thermal
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conductivity is advantageous in such applications where thermal insulation is important:
building envelopes used in walls, roofs and floors. They improve the energy efficiency of
buildings by reducing the need for heating and cooling, and the lower thermal conductivity,
as it slows down heat transmission [171]. Figure 78. shows the thermal conductivity results

for LWGP-FGA.
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Figure 78. Thermal conductivity for LWGP-FGA and FGA.

The thermal conductivity of LWGP-FGA ranged between 0.18-0.283 W/m'K, by the
standards required for lightweight concrete as insulation. The thermal conductivity of
lightweight geopolymer concrete depends on the properties of the lightweight aggregate, like
density, porosity, air voids, etc. [172].

LWGP-FGAS800 exhibited a lower thermal conductivity value of 0.18 W/m-K, which can be
attributed to the characteristics of the used FGA. The FGA itself had a thermal conductivity
of 0.063 W/m-K and a bulk density of 0.58 g/cm?, both of which contributed to the reduced

thermal conductivity of the lightweight geopolymer concrete.

3.5.3 Apparent porosity and water absorption

The apparent porosity and water absorption of hardened concrete are fundamental qualitative
characteristics that are considered during the design phase of the concrete mix composition
[173]. Apparent porosity significantly affects water absorption in lightweight geopolymers.
The weak interface between the geopolymer matrix and foam glass aggregates creates
additional voids and channels, facilitating greater water infiltration and absorption. Water
absorption is crucial to concrete durability, particularly in environments subjected to freezing
and thawing cycles. According to former scientific research, water absorption should be 4-6

wt.% to ensure high-quality concrete [174].
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Figure 79. illustrates the apparent porosity and water absorption characteristics of LWGP-
FGA.
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Figure 79. The apparent porosity and water absorption results for LWGP-FGA.

The apparent porosity range was 11.32-14.58 %, while water absorption varied from 2.83-
4.06%. In comparison, the water absorption of the metakaolin-based geopolymer without
FGA was significantly lower (1.95 %). A notable increase in water absorption was observed
with the incorporation of FGA sintered at different temperatures, reaching values of 4.06 %,
3.16 %, and 2.83 % for FGAs sintered at 750 °C, 775 °C, and 800 °C, respectively. This
indicates that the sintering temperature of FGA plays a critical role in influencing the

characterisation behaviour of the geopolymer composite.

3.5.4 Freeze-thaw cycles test
The mechanism of freeze-thaw damage of lightweight geopolymers describes a series of
processes [125]:

1) Water penetrates the pores, including the interfacial cavities between the geopolymer
matrix and foam glass aggregates. After this, the temperature drops until the water
freezes.

2) When water freezes, the volumetric expansion reaches 10 vol%, which leads to internal
pressure within the confined pores of the geopolymer matrix.

3) The stress caused by ice formation may surpass the tensile strength, resulting in the
initiation and propagation of microcracks. This microstructural damage weakens the

material over time.
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4) Due to repeated freeze-thaw cycles, the thawing water penetrates deeper into the
material, aggravating the damage. This cyclic infiltration and freezing progressively

erode the structural integrity of the geopolymer.

Figure 80. illustrates the weight loss of lightweight geopolymer samples subjected to

multiple freeze-thaw cycles.
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Figure 80. Weight loss of LWGP-FGA in freeze-thaw cycles

The results indicate that as the number of cycles increases, the weight loss becomes
progressively more significant. Notably, sample LWGP-FGA750 exhibited the highest
weight loss, reaching 34.09 wt.% after 21 cycles. This significant loss is likely attributed to
the weak bonding between the geopolymer matrix and the foam glass aggregates.
Additionally, the weight loss is observed to increase with apparent porosity.

Figure 81. presents images of lightweight geopolymer samples after numerous freeze-thaw
cycles. The LWGP sample without foam glass aggregates exhibited the lowest weight loss,
while visible surface peeling was observed on the LWGP-FGA775 and LWGP-FGA800
samples. In contrast, the LWGP-FGA750 sample experienced severe damage, with portions
breaking off entirely.
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Figure 81. Illustration of LWGP-FGA after a numbers of freeze and thaw cycles.

Figure 82. shows the compressive strength of lightweight geopolymer samples before and
after 21 freeze-thaw cycles. During the freeze-thaw cycles, the freezing temperature of -20
°C was set. It is important to note that outdoor conditions are generally less extreme than the
controlled freeze-thaw cycles at -20 °C. As a result, the degradation in the compressive
strength of lightweight geopolymer materials under natural outdoor conditions is expected
to be less severe. The reduction in compressive strength of lightweight geopolymer
specimens after 21 freeze-thaw cycles. The LWGP-FGA750 sample exhibited a substantial
decline in compressive strength, with a decrease of 77.9%. The LWGP-FGA775 sample
showed a reduction of 36.3%, while the LWGP-FGA800 sample experienced a decline of
32.5%. The geopolymer sample LWGP demonstrated a decrease of 29.84%.
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Figure 82. Compressive strength before and after 21 freeze-thaw cycles.
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3.5.5 The correlation between the properties of LWGP-FGA and the properties of
FGA

The correlations between LWGP-FGA and FGA properties were presented by using linear
equations, where the y-axis is the LWGP-FGA properties, and the x-axis is FGA. Figure 83.
shows the correlation between the bulk density of LWGP-FGA and FGA.
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Figure 83. The relationship between the bulk density of LWGP-FGA and of FGA.

Here, a linear equation was used. The R? value of 0.9989 indicates an excellent fit between
the variables. The positive slope (0.3609) suggests that as the bulk density of FGA increases,
the bulk density of LWGP-FGA also increases.

Figure 84. shows the correlation between the compressive strength of LWGP-FGA and FGA.
FGAs were made at the following temperatures: 750 °C, 775 °C and 800 °C.
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Figure 84. The relationship between the uniaxial compressive strength of LWGP-FGA and FGA.
Here, a linear equation was used. The R? value of 0.7003 indicates a moderate correlation

between the two variables. The positive slope (0.2478) suggests that an increase in the
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compressive strength of FGA results in an increase in the compressive strength of LWGP-
FGA. However, the relatively low R? value means that factors other than the FGA
compressive strength influence the LWGP-FGA compressive strength. It is a bond between
the LWA and the geopolymer binder. Figure 85. shows the correlation between the thermal
conductivity of LWGP-FGA and FGA.
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Figure 85. The relationship between the thermal conductivity of LWGP-FGA and FGA.

Here, a linear equation was used. The R? value of 0.8531 indicates a strong correlation
between the two variables, which means that the thermal conductivity of FGA strongly
affects the thermal conductivity of LWGP samples.

3.5.6 Comparison of LWGP characteristics and preparation conditions, previous
scientific articles

According to studies published in the literature, different types of lightweight aggregates
were used to prepare lightweight geopolymers or concrete. Table 27. compares the results
of the prepared LWGP in this work with other researchers’ studies. This work offers a low-
energy, sustainable geopolymer composite using metakaolin and 30% foam glass aggregate,
cured at room temperature. Its main advantages include energy-efficient curing, moderate
strength (8.09—8.99 MPa), and low thermal conductivity (0.18-0.28 W/m-K), making it
suitable for lightweight and insulating applications. The use of recycled FGA also supports

sustainability.
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Table 27. Presents the results of this study from previous research on the preparation of LWGP.

Lightweight aggregate Geopolymer conditions Main properties
Geopolymer- Molarit .
based raw Natural NS/ Curing Ref.
terial aggregate |5 cgivag | ¥OF NH temperatu Bulk Compressive Thermal
materials Type (vol%) or type | NH rati |1/ ratio re density | o th (MPa) conductivity
e v o (g/em?’) & (W/m-K)
o (°C)
Metakaolin FGA 30 - I;?; 10 1 0.8 RT 1.17-1.29 8.09-8.99 0.18-0.28 This work
8. 10 65 °C for
Fly ash+ slag Artificial 28 - NH ’12 ’ - 1 24 hr. 1.21-1.41 2.54-15.47 0.22-0.46 [97]
Pumice
’ 80 °C for
Fly ash + furnace | expanded ; Fine NS+, ; 0.5 24hr.  |1.66-226 | 51.4-61.9 ; 98]
slag clay NH
60 °C for 6
Fly ash FGA 20-80 - I;SI; 12 3 0.82 hr. - 0.6-7.5 - [99]
. 80 °C for
Blast furnace slag Basaltic NS+
and fly pumice - - NH - - - 48 hr. 1.58-1.76 12-32 - [100]
Fine +
Fly ash Expanded | 4, coarse | NoF 8 2 05,06 RT 1.55-2.03 26.6-43.4 - [101]
clay NH
Expanded
poly . [102]
Blast furnace slag | - (0 Lo | 25100 Fine + 1 NS+ 10 155 ; RT 176221 |  7.70-25.4 ;
and fly ash coarse NH
beads
Fine +
Blast furnace slag Crumb NS+
and fly ash rubber 10, 20 coarse NH 14 2.5 0.4-0.6 RT 2.28-2.30 26.3-29.1 - [102]
NS+ 90 °C for
Fly ash Artificial - Fine NH 16 2.5 0.6 48 hr. 0.6 35.8 0.95 [104]
Fly ash and blast FGA - NH 2-3 - 10.27-0.37 RT 0.8-0.86 8-10 0.07-0.10 [106]
furnace slag

FGA: Foam glass aggregate, NS: Sodium silicate (Na2SiO3), NH: Sodium hydroxide, RT: Room temperature
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Chapter Four/Conclusions

4.1 Conclusion of foam glass aggregate results

In this work, FGA was prepared using cathode-ray tube glass waste and silicon carbide

(foaming agent) foaming at various temperatures. These FGA were subsequently employed

to create lightweight geopolymers under ambient conditions. The following conclusions are

established for preparing the FGA:

In the heating microscope investigation, the foaming process happened at a temperature
range of 720-800 °C for the mixture containing (99 wt.% CRT glass + 1 wt.% SiC), and
the maximum height expansion of 119% occurred at 800 °C.

Both the bulk density and compressive strength increase with the foaming temperature,
while thermal conductivity reduces.

The bulk density and uniaxial compressive strength standard values for lightweight
aggregate, bulk density must be less than 1.2 g/cm® and uniaxial compressive strength
more than 1 MPa. The sample sintered at 725 °C had a density of 1.26 g/cm?, more than
the limited value; therefore, this sample was excluded from further investigations. The
samples sintered at 750-800 °C had a density range of 0.58-0.91 g/cm’® and a
compressive strength range of 1.55-5.31 MPa; therefore, these foam glass can be used
as lightweight aggregate.

The leaching of lead from FGA increases with the rise in foaming temperature, while
the barium leaching reduces; however, all leaching results values were below the

standard limit.

4.2 Conclusion of metakaolin-based geopolymer results by effect of the water glass
dosages and curing temperatures at 60 °C and 75 °C.

In this study, the effects of two factors were investigated: curing temperature and different

water glass and sodium hydroxide contents in the activator solutions. MK was synthesised

using calcined kaolin at 750 °C for 3 hours as raw material.

As a result of the curing temperature, the MK-GP cured at 60 °C had fewer voids than
the sample cured at 75 °C, resulting in higher mechanical strength.

Regarding the effect of water glass and sodium hydroxide content, it was found that the
geopolymer binder with 50 wt.% water glass and appropriate sodium hydroxide content
in the activator solution exhibited the highest compressive strength of 16.4 MPa and
slight efflorescence. This is due to a suitable Si/Al ratio of 1.85, which allows efficient

reaction with compact structures and successful consolidation of the product.

81



In addition, FTIR analysis revealed that as the water glass content increased, the strong
peak at 796.98 cm™! increased, indicating an increase in Al-O. Thus, increasing the water
glass content by more than 50 wt.% led to precipitation of the Al-Si phase, which
prevented the interaction between the MK powder and the alkaline activator solution,

thus reducing the compressive strength.

4.3 Conclusion of metakaolin-based geopolymer results by effect of liquid-to-solid ratio

and curing temperatures at 60 °C and room temperature

A study was made on the effects of curing temperature and liquid-to-solid ratio on

metakaolin-based geopolymer binders.

The curing temperature affects the compressive strength and bulk density of the
geopolymer binder; the samples cured at room temperature have higher values.

As the liquid-to-solid ratio rises, the hardening times increase because of the high fluid
content, requiring a longer duration for complete hardening.

The sample made with a liquid-to-solid ratio of 0.8 cured at room temperature achieved
a maximum compressive strength of 19.12 MPa with shorter setting times, an initial

setting time of 288 minutes, and a final setting time of 358 minutes, respectively.

4.4 Conclusion of metakaolin-based geopolymer statistical analysis

The following conclusions can be made on the regression analysis of metakaolin-based

geopolymer for three variables (water glass dosage, curing temperature, and liquid-to-solid

ratio):

e The water glass dosage factor is a more effective variable for bulk density and thermal

conductivity of metakaolin-based geopolymer. Due to the water glass dosage effect for
silicate content and viscosity in the geopolymer mixture, water glass density is higher
than sodium hydroxide solution density with 10 M.

The curing temperature and liquid-to-solid ratio are controlling variables for the
compressive strength of metakaolin-based geopolymer. The curing temperature affected
the reaction kinetics and structural development of the geopolymer. Higher curing
temperatures lead to rapid evaporation of water, causing shrinkage and microcracking,
leading to a reduction in compressive strength. The selected optimal liquid-to-solid ratio
assists in ensuring suitable workability while preventing excessive porosity or unreacted

materials.
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4.5 Conclusion of lightweight geopolymer results

The following conclusions were drawn regarding the preparation of the LWGP-FGA

characterisation:

Replacing lightweight geopolymer with 30 vol% of three different types of FGA resulted
in a reduction of compressive strength by 53.18% to 57.86% and a reduction in bulk
density by 9% to 17.6%.

The apparent porosity and uniaxial compressive strength of the FGA greatly influence
the bond between the geopolymer matrix and the lightweight aggregate. The bonding
between the geopolymer matrix and foam glass was weak when the apparent porosity
was 64% for foam glass with a smooth surface.

The maximum compressive strength of LWGP-FGA was recorded at 9.11 MPa with the
use of FGA sintered at 775 °C, which has properties of bulk density 0.68 g/cm?, uniaxial
compressive strength of 3.6 MPa, and apparent porosity 72.8%.

The thermal conductivity of lightweight geopolymer incorporating foam glass aggregate
ranged from 0.18 to 0.283 W/m-K. This variation is significantly influenced by the
thermal conductivity and the bulk density of the foam glass aggregate used.

The LWGP-FGA apparent porosity ranged from 11.32 % to 14.58 %, while water
absorption fluctuated between 2.83 % and 4.06 %. These properties were significantly
influenced by the bond between the geopolymer matrix and the foam glass aggregate.
An increase in freeze-thaw cycles resulted in a noticeable reduction in compressive
strength and a significant increase in weight loss, according to the statistical analysis.
The number of freeze-thaw cycles and water absorption of LWGP-FGA are more
effective variables on weight loss.

The porosity and voids between geopolymer and glass aggregate are responsible for
failure caused by the freeze-thaw cycles. Noted that the LWGP-FGA750 sample
experienced failure, identified by a weight loss reach of 34.09 % and a compressive
strength reduction reached 77.97 % after 21 freeze-thaw cycles at -20 °C. This
degradation was attributed to the weak bonding between the geopolymer matrix and the

foam glass aggregate.
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New scientific results

Thesis 1: Preparation of foam glass aggregate from CRT glass waste

I have successfully produced foam glass aggregate from 99 wt.% of CRT glass waste
(chemical composition: Si02:55.90 wt.%, PbO:13.36 wt.%, Ba0:10.20 wt.%, Naz0:5.96
wt. %, K20:5.49 wt.%, Sr0O:1.51 wt.%, Al203:1.70 others: 5.88 wt.%; median particle size
dso=11 um), and 1 wt.% of SiC (Mineral composition: Moissanite 6H: 83,2 wt.%,
Moissanite 4H, syn: 16,8 wt.%; particle size d>1um) as foaming agent on different sintering
(foaming) temperatures (750 °C; 775 °C; 800 °C) using 360 °C/h heating rate and 10 min

holding time. Using the above parameters, glass foams with the physical properties given in

Table A can be produced.
Table A. Properties of the foam glass aggregate derived from CRT glass waste.
F 1 te sintered
Physical oam glass aggregate sintere Standard value /
roperty at Limit Reference
prop 750°C | 775°C | 800°C
Bulk i
ulk density 0.91 0.68 0.58 > 1.2 EN 13055-1
(g/em?)
Compressive https:/doi.org/10.1016/j.jobe.2022.105426
. . . < = .
strength (MPa) 531 3.6 1.55 !
Volume
expansion 26.4 52.1 77.56 - -
(vol%)
Apparent
4 2. . - -
porusity (%) 6 72.8 76.8
Thermal
conductivity 0.083 0.075 0.063 0.065 -0.220 ASTM C 332-07
(W/m-K)
Lead EN 12457-3:2004;
concentration | 0.021 | 0.046 0.12 5 e
WHO guideline
(mg/L)
Barium EN 12457-3:2004;
concentration 9.31 4.05 2.09 100 I
WHO guideline
(mg/L)

Related publications: Sarah Kareem Mohammed Al-Saudi, Robert Géber: Production of lightweight
geopolymer concrete with foam glass aggregate derived from cathode-ray glass waste, Case Studies in
Construction Materials, 2024. (Q1) https.//doi.org/10.1016/j.cscm.2024.e03888

Thesis 2: Effect of foaming temperature on the leaching of lead and barium in CRT
foam glass

It was experimentally demonstrated that the leaching of lead from foam glass derived from
CRT glass waste (99 wt.% of CRT glass waste /chemical composition: Si02:55.9 wt.%,
PbO:13.36 wt.%, Ba0:10.2 wt.%, Na20:5.96 wt.%, K:O: 5.49 wt.%, SrO:1.51 wt.%,
Al03:1.70 wt. %, others: 5.88 wt.%, median particle size dsp=11 um), and 1 wt.% of SiC
/Mineral composition: Moissanite 6H: 83,2 wt.%, Moissanite 4H, syn: 16,8 wt.%;, particle
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size d>1um/) increasing with foaming temperature. The lead concentration (standard limit:
5 mg/L) more than doubled when the foaming temperature increased from 750 °C to 775 °C,
and increased more than five times when the foaming temperature increased to 800 °C
(maximum lead concentration at T=800°C: 0.12 mg/L). The changes in lead concentration

over temperature can be described by the following linear equation:
y = 0.002x — 1.4722 (Coefficient of Determination, R*=0.9245)

The leaching of barium decreases with the foaming temperature. The barium concentration
(standard limit: 100 mg/L) decreased to 56.49 % when the foaming temperature was
increased from 750 °C to 775 °C and to 77.55 % when the foaming temperature was
increased to 800 °C (maximum barium concentration at T=750°C: 9.31 mg/L) (Fig. A).

The changes in barium concentration over temperature can be described by the following

linear equation:

= - 0.1444x + 117.06 (Coefficient of Determination, R*=0.9349)
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Figure A. The concentration of lead and barium contaminants from the leaching test for foam glass over the
foaming temperature.

Related publication: Sarah Kareem Mohammed Al-Saudi, Robert Géber: Production of lightweight
geopolymer concrete with foam glass aggregate derived from cathode-ray glass waste, Case Studies in
Construction Materials, 2024.(Q1) https.//doi.org/10.1016/j.cscm.2024.e03888
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Thesis 3. Prediction of physical, mechanical and thermal properties of metakaolin-
based geopolymer binder

Using multilinear regression, statistical models were built to predict the bulk density,
compressive strength and thermal conductivity of metakaolin-based geopolymer binders by
investigating the effects of three variables, namely water glass dosage, curing temperature

and liquid-to-solid ratio (Table B).

The metakaolin-based geopolymer binder was prepared from metakaolin (calcinated kaolin
at 750 °C for 3 hours, median particle size (dso=5.4um)). Chemical composition (S$i0z: 58.3
wt. %, Al203:39.4 wt.%; MgO: 0.33 wt.%,; CaO: 0.28 wt.%; Naz20:0.06 wt.%,; K20:0.26
wt. %, Fe203:0.47 wt.%,; Mn0:0.005 wt.%, TiOz: 0.203 wt.%,; P203: 0.013 wt.%, S: 0.02

wt.%). Alkali activator solution: Mnaon=10 M; water glass silicate modulus: 3.8.

Table B. Geopolymer binder variables

Variables name Level values
Water glass dosage (wt.%) 0; 25; 50; 75 and 100
Curing temperature (°C) 25, 60 and 75
Liquid-to-solid ratio 0.8;0.95 and 1.1

Predictive models:

Bulk_density (g/cm’) - 1.478 +0.002920 - Water glass dosage (wt.%) -0.001681 - Curing
temperature (°C) - 0.286 + Liquid to solid ratio + error (Error (%) =4.02)

Compressive strength (MPa) - 40.81 + 0.0163 - Water glass dosage (wt.%) - 0.1349 - Curing
temperature (°C) - 19.49 - Liquid-to-solid ratio % error (Error (%) =10.58)

Thermal conductivity (W/m-K) - 0.981 - 0.003229 - Water glass dosage (wt.%) + 0.00070 - Curing
temperature (°C) - 0.554 - Liquid-to-solid ratio % error (Error (%) =7.47)

Related publications:

1. A Al-Saudi Sarah Kareem Mohammed et al.: Comparative study of metakaolin-based geopolymer
characteristics utilizing different dosages of water glass in the activator solution, Results in Engineering, 2023.
(O1) https://doi.org/10.1016/j.rineng.2023.101469

2. Al-Saudi Sarah Kareem Mohammed and Robert Géber, Effect of liquid- solid ratio on metakaolin-based
geopolymer binder properties, Pollack Periodica, 2024. (Q3) https.//doi.org/10.1556/606.2024.01141
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Thesis 4. Determination of Setting Times for Geopolymer Binder and Innovation of
Lightweight Metakaolin-Based Geopolymer Concrete

A. It was experimentally proved that metakaolin-based geopolymer binder with the
following composition and conditions (kaolin was calcinated at 750 °C for 3 hours;
Metakaolin median particle size (dso=5.4um)). Metakaolin chemical composition
(Si0z: 58.3 wt.%,; Al203:39.4 wt.%; Mg0:0.33 wt.%,; CaO: 0.28 wt.%, Na20:0.06
wt.%,; K20:0.26 wt.%, Fe:03:0.47 wt.%; Mn0:0.005 wt.%,; TiOz: 0.203 wt.%,
P20s3: 0.013 wt.%,; S: 0.02 wt.%). Alkali activator solution: Mne.on=10 M; water
glass silicate modulus: 3.8. NaOH/Na:SiOs ratio=1. Liquid-to-solid ratio: 1.1.) can
be set at room temperature, with an initial setting time of 288 minutes and a final
setting time of 358 minutes. Both setting times meet the standard requirements for
the setting time of cement (EN 196-3:2017 standard; initial setting time should
exceed 45 minutes; final setting time should not exceed 390 minutes). The prepared
geopolymer binder has the following properties: uniaxial compressive strength:

19.12 MPa; bulk density: 1.42 g/cm?; thermal conductivity: 0.49 W/m-K.

Related publications:

1. A Al-Saudi Sarah Kareem Mohammed et al.:. Comparative study of metakaolin-based geopolymer
characteristics utilizing different dosages of water glass in the activator solution, Results in Engineering, 2023.
(1) https://doi.org/10.1016/j.rineng.2023.101469

2. Al-Saudi Sarah Kareem Mohammed and Roébert Géber, Effect of liquid- solid ratio on metakaolin-based
geopolymer binder properties, Pollack Periodica, 2024. (Q3) https://doi.org/10.1556/606.2024.01141

B. I have experimentally proved that it is possible to produce metakaolin-based
lightweight geopolymer with foam glass aggregates derived from waste CRT glass
cured at room temperature. Based on its properties (Table C), the newly developed
lightweight geopolymer concrete meets the requirements of ASTM C 330 Standard

and can therefore be classified as a structural/insulating material.

Table C. The properties of the lightweight geopolymer, along with a comparison to the lightweight concrete
defined by ASTM and EN standards

ASTM C 330 MK-based lightweight
. . : geopolymer concrete with foam
Properties Sl:ll'slllsrtl:':gl/ Insulating BS EN: 206-1 glass aggregate derived from CRT
group group waste glass
Density (g/cm?) 0.72—-1.44 | 0.24-0.80 | 0.88-2.00 1.17-1.29
Compressive
strength (MPa) 34-17 0.70-3.40 | 8.00-280.00 8.09 -9.11
Thermal
conductivity 0.45-1.05 0'862527 - 0.18-10.283
(W/m-K) )
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The lightweight geopolymer was prepared from 70 vol% of metakaolin-based geopolymer
and 30 vol% of foam glass aggregate. Samples were cured at room temperature for 28 days.
The metakaolin-based geopolymer was prepared with the following composition and
conditions: Metakaolin (kaolin calcinated at 750 °C for 3 hours; median particle size
(dso=5.4um)). Chemical composition (SiOz: 58.3 wt.%,; Al203:39.4 wt.%; Mg0:0.33 wt.%;
CaO: 0.28 wt.%; Naz0:0.06 wt.%,; K20:0.26 wt.%, Fe:03:0.47 wt.%,; Mn0:0.005 wt.%;
Ti0:: 0.203 wt.%, P203: 0.013 wt.%, S: 0.02 wt.%). Alkali activator solution: Mnaon=10
M; water glass silicate modulus: 3.8. NaOH/Na:>SiOs ratio=1. Liquid-to-solid ratio:1.1.

Foam glass aggregate was made from 99 weight% of waste CRT glass waste (median
particle size dsp: 11 um) and 1 weight% of SiC (d > /um) as foaming agent. The chemical
compositions of waste CRT glass: Si0z: 55.9 wt.%, PbO: 13.36 wt.%, BaO: 10.2 wt.%,
Nax0: 5.96 wt.%, K:0: 5.49 wt.%, SrO: 1.51 wt.%, Others: 7.85 wt.%). Foaming

temperatures: 750 °C, 775 °C and 800 °C.

Related publication: Sarah Kareem Mohammed Al-Saudi, Robert Géber: Production of lightweight
geopolymer concrete with foam glass aggregate derived from cathode-ray glass waste, Case Studies in
Construction Materials, 2024. (Q1) https://doi.org/10.1016/j.cscm.2024.e03888
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Figure. X-ray diffraction of CRT glass waste and foam glass aggregate sintered at temperatures
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