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CHAPTER 1 (INTRODUCTION)

1.1 Background and motivation

Geopolymers are materials which are considered to be an environmentally friendly
alternative for ordinary concrete in the building industry. They are usually compared to
concrete since the mechanical properties and the behavior of these two kinds of materials are
similar. The basic difference between geopolymers and concrete is their composition.
Simplifying, concrete is basically made of water, cement, sand and coarse aggregate.
Geopolymers in turn, are prepared with use of aluminosilicate material called a precursor (for
instance metakaolin, fly ash, slag etc) and liquid activator (usually sodium silicate or sodium
hydroxide or a mixture of both). Fine and coarse aggregate can also be added as fillers. After
mixing the precursor with activators, the geopolymerization reaction starts. The duration of
geopolymerization process depends on a variety of factors which are described in more detail
in a further part of this Thesis. From a top-level perspective, in many cases one can expect
high strength of geopolymer after 24 hours of curing time — this is one of the advantages of
this material over the ordinary concrete. What is more, geopolymer shows some superior
characteristics as: good flexural strength, high temperature resistance and chemical
resistance. Finally, the environmental benefits cannot be overestimated.

Nowadays, environmental problems become a global and urgent concern. One of the
most important issues is the amount of CO; emissions. According to the Emissions Gap Report
2020 (published by UNEP - United Nations Environment Programme), the global greenhouse
gases emission reached 59,1 (range + 5,9) gigatons of CO; equivalent in 2019 [1]. The newest
Emission Gap Report 2022 [2], gives the preliminary estimation of CO, emission for 2021:
52,8 gigatons of CO; equivalent. This data does not include the land use, land-use change and
forestry which is available only up to 2020, which means that total global greenhouse gases
emission for 2021 is likely to exceed that of 2019 (the prediction is given in the Report [2]).
According to [1], the industrial processes from mineral products and other chemical reactions
are responsible for the 9% of total greenhouse gases emissions. The Emission Gap Report 2022
contains the subsection describing the steps needed in the industry field to achieve the Paris
Agreement [3] - a “legally binding international treaty on climate change” [4], that starts with
these words: “Reduce demand for and decrease carbon intensity of global cement and steel
production” [2]. Cement production is a non-negligible component of the total CO, gases
emission. The annual global cement production has been exceeding 4 billion tons since 2013
and reached 4,1 billion tons in 2020 [5]. Without any significant efforts to reduce the global
demand for cement, the moderate grow of the production of this basic building material is
predicted by 2030 [6]. During cement manufacturing, CO, gases are emitted as a result of two
main processes. The first one is production of clinker, during which the heated carbonates
(mainly CaCOs, present in a limestone) are decomposed into CO, and oxides. The second
process involves fuel combustion needed for burning the raw materials in a kiln at
temperatures ranging up to 1450°C. According to calculations, cement production currently
accounts for approximately 8% of overall global carbon dioxide emissions [7], [8].



The issue of limiting the carbon dioxide emissions connected to the production of
concrete is currently being addressed by various means [6], [9]-[14]. Using alternatives to
concrete in new investments is one of them [15]. Geopolymer as a material with similar
properties to concrete is one of the most promising solutions to that challenge. A lot of
attention was put on the topic of environmental benefits coming from application of
geopolymer instead of concrete. There is no consensus among scientists as to the extent to
which this lowers the carbon footprint. The process of estimating it is complex, since there are
many aspects and variables in place, including: which exact types (both of concrete and
geopolymer) are being compared, which aspects of production of these materials are being
considered, in which country the calculation has been done (which affects the availability of
the necessary materials, that might either be readily available waste, or an imported resource)
and many others. All these factors result in the quoted figures ranging from about 9%
(research done in Melbourne [16]) to over 80% (summary of several existing studies made by
Australian experts in field of inorganic polymers [16], [17]). Despite the high dispersion of
results, most of scientists agree that replacing concrete with geopolymer reduces the emission
of greenhouse gases.

Another concern related to concrete manufacturing is its high demand for water.
According to the reports, in 2012 (when the annual production of cement was equal to 3,8 Gt),
over 2 Gt of water were consumed in the overall process of concrete production [18]. The
amount of consumed water raised along with the rise of cement production from 3,8 Gt up to
4,1 Gt in 2020 [5]. Due to the projections, the amount of produced concrete will increase in
the following 30 years causing the serious problems with water supply especially in some
regions where water is becoming a more and more scarce resource [18]. Concrete
manufacturers report that the amount of water used in 2022 ranged from 304 to 402 liters
per ton of cement material [19], [20]. The production of geopolymer is considered to be much
less water consuming than the manufacturing of concrete. According to some calculations,
comparing materials of similar workability, geopolymer allows for saving almost 30% of water
even when the water reducing admixtures to concrete are used [21].

The next environmental and economic benefit of using geopolymers is the possibility
of waste recycling (mainly industrial and mining, but the other types of waste, such as sewage
sludge ash can be used as well [22], [23]). The role of main ingredient — the precursor, may be
played by different types of waste: even those considered hazardous [24]. Fly ash, blast-
furnace slag, metakaolin, waste glass and a variety of mine tailings are only the most popular
examples [25]—[27]. The innovation of scientists in that field is almost unlimited. The topic of
raw materials used for production of geopolymers is detailed in subsection “2.1.2 Geopolymer
composition”. Concluding, geopolymers allow to make use of redundant waste (sometimes
with the additional advantage of immobilization of toxic materials) and thereby to limit the
exploitation of raw natural materials.

1.2 Problem definition

Geopolymers can be a solution to extensive CO; production, raw material exploitation
and the problem of waste (including a number of production and combustion’s by-products).
However, the role of an aggregate is still most commonly played by natural materials such as:

7



sand [28], [29] limestone [30], granite [28], [30] or basaltic pumice as a lightweight aggregate
[31]. There are several studies on possible usage of unconventional aggregates such as
crushed, waste PET bottles [32], biomass produced during palm oil biomass combustion [33],
steel furnace slag [34] or concrete and fired clay from construction and demolition waste [35]
but they are an exception rather than a rule. It means, that searching for a potential aggregate
that is not a raw material but a by-product is still an essential issue.

Using waste as a precursor is the most popular approach in geopolymers but there is
also the possibility of recycling it as an aggregate — this topic is explored in this Thesis. The
main goal of this Thesis was to determine if it is possible to use crushed discarded Cathode
Ray Tube (CRT) glass as an aggregate in metakolin-based geopolymer matrix. The research
starts from deriving the optimal mixture containing CRT glass and then focuses on mechanical
properties of the new type of geopolymer and on factors influencing them. Study on
geopolymer with CRT glass allows not only developing the knowledge about new
environmentally friendly material but also allows recycling waste which is considered to be
hazardous. The incisive description of characteristic and properties of CRT glass is presented
in subsection “2.5 Cathode ray tube glass”. Author decided to use metakaolin as a precursor
to limit the additional variability coming from heterogenous nature of by-product materials
such as fly ash or blast-furnace slag. The idea to use CRT glass as an aggregate in geopolymer
was an answer to the crucial needs of one of most significant CRT-related enterprise in Europe.
Concluding, all works were done within the trial of solution of existing problem with recycling
of CRT glass. The material was utilized almost in the same form in which it was obtained to
minimalize all additional activities which can considerably raise the cost of production on
a large scale. CRT glass was obtained in already crushed form. The only additional activity was
elimination of grains bigger than 4mm (which did not exceed 1% of the total mass) to adjust
the aggregate to the size of samples.

According to the literature review, the topic of utilization of CRT glass inside
geopolymer matrix is not popular. Moreover, most of existing works is devoted to the
possibility of addition of powdered CRT glass in form of partial replacement of a precursor not
in form of an aggregate. Therefore, the current work can possibly add the contribution to the
subject of recycling of CRT glass inside geopolymer in form of an aggregate. Moreover, the
solution presented within Thesis supplements list of possible alternative and environmental-
friendly aggregates which can be used in geopolymer.

Author believes that geopolymers are interesting and future-promising material which
is worth noting and may be a solution for many existing problems, while also hoping that this
Thesis will be a valuable addition to the ever-growing research body on this promising and
important subject.

1.3 Hypotheses and limitations

Previous paragraphs presented the general description of the considered topic, the
motivation for raising the subject within Thesis and the main problem definition. The current
paragraph highlights all research hypothesis.

The following research hypotheses and related limitations were defined:



Hypothesis 1: CRT glass can be recycled in metakaolin based geopolymer as an
aggregate without any special pretreatments.

Limitation: The research is limited to one type of metakaolin and crushed discarded
CRT glass delivered by one supplier.

Hypothesis 2: Metakaolin based geopolymer with aggregate in form of CRT glass can
be considered as a potential building material with regard to flexural and compressive
strength.

Limitation: Flexural and compressive strength have been tested after 1, 3, 7, 14 and 28
days in the case of two chosen mixtures (metakaolin to CRT glass mass ratios 1:3 and
1:1). Flexural and compressive strength have been tested after 1, 3, 5, 7, 14, 28, 56 and
112 days in the case of one chosen mixture (of metakaolin to CRT glass mass ratio equal
to 1:1). Three point flexural strength test and uniaxial compressive strength test were
performed on prism samples of dimensions 40 x 40 x 160 mm according to standard
PN-EN 196-1.

Hypothesis 3: Metakaolin based geopolymer with CRT glass can be cured at different
temperatures without crucial impact on flexural and compressive strength.
Limitation: Research is limited to four mixtures of metakaolin to CRT mass ratio 1:3,
1:2, 1:1, 3:2. Samples were cured at 20°C or for the first 24 hours at the elevated
temperature 40°C or 60°C. Strength characterization is limited to three-point flexural
strength test and uniaxial compressive strength test.

Hypothesis 4: Recycling CRT glass inside metakaolin base geopolymer limits the threat
of environment contamination with heavy metals.

Limitation: Research is limited to atomic absorption spectrometry performed on
mixture of metakaolin to CRT mass ratio 1:1 and cured all the time at the room
temperature. The number of following elements in the leachates were determined: Fe,
Mn, Cu, Ni, Cr, Co, Zn, Pb, Cd.

1.4 Aim of the Thesis

The main purpose of the following Thesis was to determine and describe the potential
application of metakaolin-based geopolymer with aggregate in form of crushed discarded CRT
glass as an alternative building material, thereby suggesting the new possibility for recycling
CRT glass. The realization of the main goal required confrontation with several minor
objectives:

The meticulous summary of the existing scientific literature devoted to different
aspects of geopolymers and CRT glass with the particular attention paid to examples
of utilization of CRT glass inside geopolymer matrix.

Determination of an optimal mixture with metakaolin to CRT glass mass ratio as the
main varying factor on the basis of flexural and compressive strength tests.



Description of the influence of different curing conditions, NaOH concentration and
CRT glass granulation on mechanical behavior of geopolymer made out of chosen
mixtures.

Evaluation of flexural and compressive strength changes of geopolymer made of one
chosen mixture in time.

Determination of temperature and mass changes inside metakaolin-based geopolymer
with CRT glass during the curing process.

Determination of porosity of metakaolin-based geopolymer with CRT glass.

Assessment of the environmental threat of pure CRT glass and CRT glass incorporated
into the metakaolin-based matrix on the base of physicochemical analysis of agueous
extracts.

The discussion and comparison of all obtained results with data described in scientific
literature.

Formulation of conclusions and summary of performed tests and obtained results.

Indication of future goals and directions for further research.

1.5 Organization of the Thesis

Chapter 1 includes the introduction to the topic presented within Thesis, describes the
main problem, defines the main aim and several sub-goals and as well, provides
hypotheses of this Thesis and their possible limitations.

Chapter 2 provides theoretical research on the existing knowledge about issues risen
within this Thesis with the main division on subjects devoted to geopolymers and to
CRT glass. The subsection describing geopolymer includes: the historical background
of the invention and development of geopolymers concluded with the overview of the
newest research projects all over the world, examples of variable possible applications,
description of chemical basis, description of mechanism of toxic metals’
immobilization and possible compositions of mixtures. The subsection devoted to CRT
glass includes: the overall description of CRT glass with respect to the possible ways of
utilization and safe disposal and the examples of application of CRT glass in concrete.
Both parts are combined finally with the in-depth presentation of already described
examples of application of CRT glass in geopolymers.
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Chapter 3 presents initial laboratory researches performed on metakaolin-based
geopolymer with aggregate in form of CRT glass. The chapter starts with the
description of all used materials, then presents the influence of metakaolin to CRT
glass mass ratio and the influence of curing temperature on mechanical behavior.
Chapter contains as well the determination of temperature changes inside curing
geopolymer. Chapter concludes with determination of optimal mixture.

Chapter 4 delivers the main part of the research —the influence of the following factors
on the mechanical behavior of geopolymer made of one chosen mixture: the curing
time and temperature, NaOH concentration and CRT glass particle size. Chapter
concludes with optimalisation of chosen factors concerning the chosen mixture.
describes chosen properties of tested material and compares the obtained results with
the similar data already described in the scientific literature.

Chapter 5 contains the complementary research including determination of porosity
and physicochemical characteristics of geopolymer.

Chapter 6 presents discussion of all achieved results together with comparison of the
achieved results with the similar data already described in the scientific literature.

Chapter 7 summarizes the Thesis, shows the final conclusions and conclusions
referring to the initial hypotheses.

Chapter 8 indicates the main future goals and directions for the further research.
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CHAPTER 2 (STATE-OF-THE-ART)
2.1 Geopolymer — the basic characteristics

2.1.1 Chemical structure of geopolymers

Geopolymers have been known and studied for nearly a century but the exact
geopolymerization process and all factors which influence it are still not very well understood
[36]. MacKenzie defines geopolymers as inorganic materials: having a three-dimensional
structure build of tetrahedral Al-O and Si-O units which are charge-balanced by alkali ions;
containing mainly alumina and silica; synthetized at room temperature by condensation of
aluminosilicates at high pH; remaining stable and hard even when exposed to temperatures
higher than 1000°C; being X-ray amorphous at each stage of life-cycle [37]. The
geopolymerization process or its phases can be examined with use of few different methods
such as: X-ray powder diffraction (XRD); energy-dispersive X-ray diffractometry (EDXRD);
environmental scanning electron microscopy (ESEM); nuclear magnetic resonance (NMR);
isothermal and non-isothermal differential scanning calorimetry (DSC) [36]. Each method has
advantages and disadvantages. Some of above-mentioned methods are useful only for
examination of the part of geopolymerization process.

Yao et al. [36] divides the whole geopolymerization process into three stages:
deconstruction, polymerization and stabilization, although, he indicates that stages can occur
at the same time and it is difficult to separate them clearly. De Silva et al. [38] offers more
detailed description of the mentioned three stages. During the first stage the Si and Al
particles are dissolute in the alkali solution. Then, the dissolved species are subjected to
hydrolysis, transportation and orientation. At the end, the polycondensation occurs and, as
an effect, the three-dimensional silico-aluminate networks are formed. Hou et al. [39]
presents the geopolymerization reaction in slightly different way. In the first step the
aluminate and silicate monomers are dissolute and released by alkali from the aluminosilicate
source (called usually the raw material). In the second step, the oligomers are formatted on
the surface of the solid particles through the cross-link of aluminate and silicate monomers.
In the third step, a three-dimensional aluminosilicate network is formatted during the process
of polycondensation [39].

Dissolution, hydrolysis and condensation processes which take place in metakaolin-
based geopolymers can be formulated as following (formulas 2.1.1-2.1.3) [38]:

Al,03+3H,0+20H->2[Al(OH)a]" (2.1.1)
Si02+ H20+0H=>[SiO(OH)s] (2.1.2)
Si02+20H=>[ Si0(OH),]* (2.1.3)

Whereas, Rahier et al. [40], on the basis of the reaction stoichiometry studies, gives
the following equation for the geopolymerization when the metakaolin is the raw material
(formula 2.1.4):

(R20)(Si02)s(H20)x + (Al203)(Si02)2(H20)0,05 > (R20)(Al,03)(Si02)y(H20). (2.1.4)
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where R = Na or K, s = SiO2/R;0, x is the amount of water in the silicate solution,
y = SiO2,t0tal/Al203, z is the amount of bound water in the aluminosilicate [40].

Joseph Davidovits [41] divides the final possible products of geopolymerization into
three groups: poly(sialate), poly(sialate-siloxo) and poly(sialate-disiloxo). Davidovits indicates
especially the term “poly(sialate)” (where “sialate” stands for silicon-oxo-aluminate) as proper
for chemical designation of the geopolymers which are based on silico-aluminates. He
described the empirical formula for poly(sialates) as (formula 2.1.5):

Mn{-SiO3)z-AlOz}n, (2.1.5)

“n
z

where “M” is a cation; “n” indicates the degree of polycondensation and isequalto1,2or

3 [41].

Poly(sialate) polymer structures form in mixtures where Si/Al ratio is close to the value
1,0. In that case, the polycondensation occurs between silicate and aluminate species. The
poly(sialate-siloxo) and poly(sialate-disiloxo), occurs when Si/Al ratio increases to the value
2,0 and 3,0 respectively and the silicate species start to condense among themselves and build
oligomeric silicates [38], [42]. Geopolymers of highly aluminous compositions (when Si/Al < 1)
have other properties than these one of higher Si/Al ratio including: early setting at ambient
temperature; low strength; relevant amounts of crystalline phases (a normal geopolymer is
characterized by rather amorphous structure); octahedral sites (in opposition to tetrahedral
sites of a normal geopolymer); an existence of Si-rich and Al-rich phases [42].

0] 0]
PS poly (sialate) (—S:i—o—ﬁ:\l—o—) M*
Q % @] O
Si Al Q ? Q
PSS poly (sialate—siloxo) (— Sli—O—Fl\I—O—Sli—j M*
0] O 0]
Si0, AlO, o 0 0 o
PSDS poly (sialate—disiloxo) (—S:i—O—F:\I—O—8:i—O—S:i—O— M*
0] 0] 0] 0]

Fig. 2.1.1: The representation of possible tetrahedral sialate units [37], [41].

According to Davidovits [41], the geopolymer network is built of tetrahedral AlO4 and
SiO4 units which are alternately linked by sharing the oxygens and randomly distributed within
polymeric chains. The negative charge is balanced by the hydrated positive alkali metal ions
(i.e., K*, Ca** or Na*) existing in the framework cavities. Poly(sialates) can be both chain and
ring polymers where Si** and AI** are in IV-fold coordination with oxygen [37], [41].

Yao et al. [36] presents the analyse of the geopolymerization process performed with
the use of air isothermal calorimeter, XRD and MAS NMR technology. The analyse was made
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on metakaolin-based geopolymer activated with NaOH or KOH and sodium or potassium
silicate solution. Scientists registered three exothermic peaks. The first peak occurred
immediately after mixing of metakaolin with activator and was caused by the instant and
intensive absorption of the alkali solution on the metakaolin particles surface. During the same
exothermic peak, the metakaolin particles are dissolute, their Si-O and Al-O bond are broken.
After completion of the initial reactions, the first exothermic peak decreases rapidly. The next
step of the geopolymerization process connected with the second (smaller this time)
exothermic peak is the final breaking down of metakaolin particles. In the same time, the
oligomers and alumina/silica-hydroxy species (such as Al(OH)s-; OSi(OH)s-; (OH)3-Si-O-Al-(OH)3
are created. When the quantity of new products is high enough, they are polymerizing into
gels what is connected with the third (and the last one) exothermic peak. The last stage is the
transformation and reorganization of the small gels into the larger networks. In that moment
(after about 75 hours) the geopolymerization process is at the thermally steady stage. The
duration of the geopolymerization process depends among the other on the type and
concentration of activator, on the type and particles diameter of the raw material and the
reaction conditions [36].

The concentration of the activator (mainly of the NaOH solution) influences the
geopolymerization process. When the concentration is higher, the reaction heat evolution at
the first stage of the process is greater. However, the reaction rate at the second stage is the
highest for the optimum concentration of activator. If concentration of Na+ ions is too high,
the polymerization process (which occurs in the second stage of the whole process) may not
be completed. Although, too much water can also be impropriate since it decreases the
destruction ability of activator during the first stage. The higher liquid to solid ratio elongates
the geopolymerization [36].
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Fig. 2.1.2: Schematic structure of sodium poly-siloxo sialate geopolymer [37].

2.1.2 Geopolymer composition

Geopolymers give much freedom to compose many different mixtures varying with
raw materials, alkali activators and chemical ratios of basic elements. Literature presents
numerus possibilities especially in the field of raw materials. Portuguese scientists discovered
the superior characteristics of geopolymer based on tungsten mine waste mud taken from
Panasqueira mine which is located in central Portugal [30]. Polish scientists successfully
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designed geopolymer mixture based on volcanic tuff from small Polish village Filipowice [43].
Many of works were devoted to geopolymers based on a red mud as an addition to other raw
materials such as: metakaolin [44], blast-furnace slag [45], soda lime glass [46] or fly ash [47].
Waste glass powder is also quite popular raw material — as the only precursor [48], [49] or as
an addition to the other raw material, for example to metakaolin [50]. Some scientists are
mixing several different raw materials containing also the unusual ones. Emdadi et al. [51]
performed tests on geopolymer samples containing metakaolin, slag, rice husk and palm oil
fuel ash in different proportions. Blast furnace slag can be mixed also with sugarcane bagasse
ash [52] while coal fly ash has been already replaced with eggshell powder [53] or biomass ash
coming from: combustion of switch grass, wheat straw, rice hull, cotton gin, corn cob and stalk
alfalfa stem [54]. Many investigations are devoted to the possible utilization of different mine
tailings in geopolymers: iron ore tailings [55], raw or mechanical activated vanadium tailings
[56], phosphate tailings (from flotation and washing of phosphate ore) [57] or tin mine tailings
[58]. Horpibulsuk et al. [59] describes preparation of masonry units containing water
treatment sludge and fly ash. Merabtene et al. [60] presents geopolymer based on natural
kaolin and sludge from hydraulic dam located in Algeria. Lin et al. [61] shows the replacement
of metakaolin with silicon carbide sludge. Nevertheless, regardless of the quantity of possible
solutions, the most popular raw materials are metakaolin, fly ash and blast furnace slag.

Metakaolin is produced by the calcination of kaolinite clays at high temperatures
(ranging from 500 to 800°C). The temperature of calcination has to be high enough to remove
the most of the water from the structure of the clay however, too high temperature could
result in formation of a mullite. The temperature of calcination influences as well the reactivity
of metakaolin during the alkaline activation. The source of kaolin can state both the natural
deposits or different by-products such as mine tailings or industrial waste. The origin of
kaolinite influences the purity, particle size and crystallinity of the final product. Due to the
varying parameters of metakaolin in dependence on its origin, the formulation of one optimal
composition for metakaolin-based geopolymers is complicated [62], [63].

Fly ash states one of the solid by-products of the coal burning process in coal-fired
power plants. Fly ash is captured by special particle filtration equipment while escaping the
boiler together with flue gases, before reaching chimneys. The composition of fly ash varies in
dependence on the source of a coal. Generally, the following oxides: SiO,, Al,03, CaO and
Fe,0s3 are predominant ingredients of fly ash. Fly ash can be classified in dependence on
calcium oxide content on Class C fly ash (high CaO content >20%, mainly from burning the
lignite coal sources) and class F fly ash (low CaO content <10%, mainly from burning
bituminous coal or anthracite) [64]. Recently, scientists started to put more attention of
possible utilization of fluidized bed combustion fly ash in geopolymers as well. This type of fly
ash is produced as an effect of coal combustion at relatively low temperatures (~800-900°C)
what effects in a limited release of SO, and NOx gases during the process [65].

Ground granulated blast furnace slag (GGBFS) states a by-product during the pig iron
production at temperatures ranging from 1300 to 1600°C in a large blast furnace. During the
process of melting of the iron, slag is floating on the surface because of the low density, and
therefore can be easily separated from the molten iron. After removing from the rest of
molten iron, blast furnace slag is cooled and granulated. The characteristics of the slag depend
on the type of raw materials used during the melting process: iron ore, flux (mainly dolomite
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or limestone), as well as on the fuel and the whole process of production. Usually, GGBFS is
composed mainly of Ca0, SiO;, Al,O3 and MgO [66]. In production of geopolymers, GGBFS can
be used as the only raw material [67], [68] or together with the other raw material such as:
metakaolin [69], fly ash [29] or red mud [45].

Scientists are much more conservative when it comes for the choice of the activator.
The group of the most commonly used activators includes alkali hydroxides, specifically
sodium and potassium hydroxides. Both of them can be dissolved in water up to high
concentrations reaching 20 mol/l at the relatively low temperature (25°C). Potassium
hydroxide is obtained via the process of the electrolysis of KCl solutions while sodium
hydroxide is mainly produced during the process of the chlor-alkali, along with the Cl,. Both
mentioned hydroxides are predominantly used in geopolymers in form of water solutions.
Equally popular activators to alkali hydroxides are alkali silicates, especially sodium silicate and
more rarely the potassium silicate, being a product of calcination and then the dissolution in
water of carbonate salts and silica [62]. The novel studies derives that sodium silicate can be
as well obtained from rice husk ash what is more sustainable way of activator development
[70]. The other potential but extremely rarely applied activators are alkali carbonates and
alkali sulphates [62]. The application of the mixture of sodium hydroxide and sodium silicate
is definitely predominant in the scientific literature [39], [71]-[77], much less popular is the
mixture of potassium hydroxide and sodium silicate [69], [72], [76]. The other possible
solutions include among the others: potassium silicate and sodium or potassium hydroxide
[78], sodium hydroxide with addition of silica fume [79], [80], potassium hydroxide with
addition of silica [80], potassium silicate and potassium hydroxide [81], potassium silicate [82],
sodium hydroxide [77], sodium silicate [83], potassium silicate with the fused silica powder
[84], calcium hydroxide with sodium silicate and sodium carbonate [68].

2.1.3 Different approaches to the geopolymer composition

Most of the scientists design geopolymer mixture regarding to the chemical ratio of
ingredients: raw material (or materials) and activator. A significant number of papers derives
that the proper Si/Al combined with optimal Na/Al ratio is the most significant factor to ensure
high strength [42], [77], [85]-[90]. However, some sources investigate varying Si/Al ratio only
(while the Na/Al is constant) [72], [79], [86], [91] or varying Na/Al ratio only (while the Si/Al is
constant) [38], [39], [74]. Generally, concluding several scientific investigations on the optimal
chemical ratios, the good mechanical performance of the geopolymer can be expected for
Si/Al ratio ranging from 1,75 to 2,2 [72], [77], [85]-[90], [92], [93], while the recommended
Na/Al ratio is between 0,9 and 1,2 [38], [39], [74], [85]-[90]. However, some publications give
recommendations which lie outside the given range of Si/Al and Na/Al ratio. Rowles et al. [87]
observed that the highest compressive strength can be expected for Si/Al ~2,5 and
Na/Al ~1,25, while for high compressive strength Si/Al can range from 1,75 to 2,75 for Na/Al
ratio 1,0-1,5. By contrast, Riahi et al. [86] reports high compressive strength for lower ratios:
Si/Al from 1,45 to 1,85 and Na/Al ranging from about 0,85 to 1,05. According to observations,
too low Si/Al ratio may lead to less dense structure with unreacted parts and big structural
pores. With the increase of Si/Al ratio, the geopolymer becomes denser and more compact
and homogenous. Too high Si/Al ratio in turn, can cause shrinkage and internal cracking due
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to the excessive removal of structural water [86]. Fletcher et al. [42] in turn, examined
geopolymers containing Si/Al ratio ranging from 0,25 to as much as 150 and reports the
highest compressive strength for Si/Al ratio 8. Many scientists indicate the water content as
the crucial factor for good mechanical performance as well. Water content is usually given as
the H,0/Na;O0 ratio. According to the results, HO/Na,O ratio should range between 10 and
11 [86], [88], [89], [91], [94]. Especially higher H,O/Na,O0 ratio could result in significant drop
of strength. Riahi et al. [86] reports that for H,O/NaO ratio equal to 12, compressive strength
about 55-60 MPa can be expected, while raising H,O/Na,O ratio to 14 causes a decrease of
compressive strength to about 20 MPa. Some scientists indicate he role of the initial water
expressed in mass percentage or water solid/ratio on the mechanical performance of
geopolymer. Pouhet et al. [95] presents an investigation of the influence of the initial amount
of water embodied in the geopolymer mixture on the mechanical behavior of a hardened
material. It was observed that both flexural and compressive strength is decreasing with the
increase of water content. The highest strength was observed for water mass content 27%.
What is more, the total volume of the pores inside the structure is proportional to the amount
of water which was initially introduced. By extension, both porosity and pores diameter are
grater in samples containing more water. According to the scientists, more than 90% of water
inside the geopolymer matrix is “free water” which does not contribute to the final strength
and stiffness. Lizcano et al. [80] in turn, examined the influence of the initial water content
measured as the ratio of H,O to SiO,+Al,03 on the density of geopolymer. The density
decreased with the increase of initial water content both in Na-activated and K-activated
geopolymers.

Showing the molar ratios between particular chemical compounds (mostly Si/Al; Na/Al
and H,0/Na;0) seems to be the most general and the most exact way of the description of
the geopolymer mixture. However, many scientists choose the other way to characterize the
composition of their material. Several papers present tables with the quantity (mass) of each
ingredient (metakaolin or the other raw material, sodium silicate, sodium hydroxide, sand
etc.) [36], [73], [96]—-[99]. Other papers focuse only on the mass ratios of the ingredients (in
most cases raw material to activators ratio or sodium silicate to sodium hydroxide ratio)
[100]-[105]. Some papers characterize particular mixtures by defining specifically the sodium
silicate to sodium hydroxide ratio [106], [107]. Pelisser et al. [107] presents reports that
Na,0SiO2/NaOH equal to 2,2 and 1,6 results in high compressive strength while
Na,0Si0,/NaOH equal to 1,0 gives much smaller strength. Samples of the smallest sodium
silicate to sodium hydroxide ratio had also the lowest hardness. Some scientists indicate
precisely concentration of sodium hydroxide solution as the variable in their mixtures [98],
[106], [108]—[110].

As shown above, there is variety of different approaches to the issue of geopolymer
composition designing. There are some prevailing trends, but there are as well many not non-
standard approaches. Generally, because of the variety of the possible compositions of
geopolymer, the strict guidelines for its designing do not exist. Especially, the initial chemical
ratios of basic elements (Si/Al and Na/Al) can change when in the mixture there are more than
one source of SiO; and Al;03 [38].
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2.2 Historical background

Geopolymers are sometimes called ,a new building material” or ,,a new alternative for
the concrete”. Actually, in the last decades, the interest in this material has grown, and
simultaneously, the number of scientific experiments has grown as well. Although, the history
of geopolymers is much longer and richer than it could be initially assumed. It cannot be
unquestionably stated when and where the history of geopolymers starts. According to the
controversial theory established by famous French scientist Joseph Davidovits, one of the first
evidences of the intentional use of geopolymers are pyramids [111]. Davidovits’ theory has
both enthusiasts and detractors. Detailed scientific analysis of pyramid stone samples showed
that it is hard to unequivocally uphold or refute the controversial theory [112].

Fig.2.2.1: Joseph Davidovits during the exploration of pyramids in Egypt [113], [114].

There are some evidences of a connection between geopolymers and ancient Roman
mortars, the great durability of which concerned scientists [115]. Professor Roman
Malinowski, with co-workers, started in the early 1960s an investigation which has shown that
remain parts of Roman structures are made of fine calcite microcrystals [116]. Years later,
Joseph Davidovits found connections of ancient mortars with geopolymers [115]. Studies on
the ancient beginnings of geopolymers are still carried on. The recent studies concerns the
monuments in the South American Andes [117], in Bolivia and the Indian Temple sculptures
[118]. All ideas presented above are theories and there are no unquestionable proves of their
full correctness. Thus, the formally registered history of geopolymers begins in more modern
times.

The first proprietor of the patent involving the production of alkali-activated cement
was a German chemist and engineer Hans Kuhl [62], [119]. The patent describing material
based on vitreous slag and alkali sulphate/carbonate can be treated as the first publication
concerning geopolymers [120]. The author of the next registered investigations (reactivity of
slags with use of caustic potash and soda solution) was Chassevent in 1937 [121].

Research concerning alkali-activated slag-based binders was further extended by
Belgian scientist Arthur Oscar Purdon whose paper [122] become the first detailed publication
about alkali-activated materials. On the basis of experience gathered during an extended
research process, Purdon patented the new material called Purdocement which was brought
on the market after World War Il by the company “Le Purdociment”. Purdocement, containing
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about 90% of blast furnace slag with a small addition of Portland cement or lime optionally,
was used in the 1950s during the production of residential flats, tunnels, school, factories and
pavilions [62], [120] [123].

Fig.2.2.3: a) 24-storey building made of alkali activated slag-based material in Lipetsk (Russia,
1994), b) Residential building build with alkali hydroxide-activated slag-based precast
elements in Mariupol (Ukraine, 1960) [62].

Meanwhile, the Trief cement composed of 1,5% NaCl, 1,5% NaOH, and 97% blast
furnace slag has been developed in the United States. Trief cement was used on a large scale
by U.S. Army Engineer Waterways Experiment Station in the 1950s [124].

Simultaneously, alkali-activation has been investigated by Professor Victor Glukhovsky
in the former Soviet Union. Glukhovsky focused on low basic calcium aluminosilicate clays and
slags activated by alkali metal solutions, named his new material “soil silicates” and described
it precisely in the book “Gruntosilikaty” [125], [62], [120]. The main continuator of his works
since the 1980s was Pavel Krivenko who divided the binding systems into two categories and
classified alkali-activated cements into five main categories: geocements, fly ash alkaline, slag-
alkaline cements, alkaline aluminate cements and alkaline-Portland cements [126]. The ‘soil
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silicates’ found an application in pavements, pipes, sinks, trenches, stabilization of hazardous
waste and in structural and masonry blocks [121], [62].

The next great researcher, who is claimed to be the father of term “geopolymer” is
French material scientist Joseph Davidovits. The research efforts of Davidovits and his
co-workers began in 1972 at the Cordi-Geopolymere laboratory [127]. The first significant
achievement was the discovery of geopolymeric liquid binder based on metakaolin in 1975
[128]. The next breakthrough came when scientists realized that geopolymer cured in
elevated temperatures can obtain high early-strength. Material developed by Davidovits was
for the first time applied in fire-resistant panels as a coating for a wooden core [129].

In the early 1980s started the cooperation between Davidovits and American Lone Star
Industries. The work was focused on binders combining the geopolymeric and hydraulic
cement chemistries [129]. The Pyrament Blended Cement (consisting in 80% of Portland
cement and in 20% of geopolymeric materials) was the effect of long-lasting works [130],
[131]. Pyrament combined the rapidly gained high early strength with low producing costs and
found an application in repairing industrial pavements, highway roads and the runways. The
popularity of geopolymers in America continued. In the early 1990s, the Federal Aviation
Administration has begun the searches for the new type of fire resistant and environmentally
friendly aircraft cabin materials. The carbon fiber reinforced potassium aluminosilicate resin
geopolymer composites characterized by required fire endurance and high flexural strength
occurred to be a perfect solution [132], [129].

The research conducted at the early 1980s showed that geopolymer is acid-resistant
and can be used for utilization of hazardous waste [129]. The first tests for encapsulation of
heavy metal waste within the geopolymer matrix were performed in 1987, in Canada. Similar
trials were carried in Europe within the project GEOCISTEM. The safe utilization of uranium
mine tailings by manufacturing low-cost geopolymeric cements was the main double goal of
the project, which was culminated with success [133].

In the 1990s geopolymer has debuted in automotive branch. During the season 1994 and
1995 in the Grand Prix of Formula 1, the Benetton team used in their car thermal shield
containing parts made of GEOPOLYMERE Composite [127].

There are also not negligible Polish emphases in the geopolymer’s history. In 1986 two
scientists Matolepszy and Petri presented results of their work on slag alkaline binders of the
high strength and the work on the activation of synthetic melilite slags [134], [135]. Professor
Matolepszy with Professor Nocun-Wczelik conducted microcalorimetric tests on the alkaline
binders based on slags [136]. In the late 80-s two Polish scientists: Jan Deja and Jan Matolepszy
investigated the chemical resistance of alkali-activated slag mortars and pastes in chloride
solutions [137]. Scientists raised several times the subject of immobilization of the heavy
metals inside the structure of the slag-based alkali-activated mortars [138], [139]. They
described as well different possible ways for the application of that materials i.e. in the
anti-filtration screens [140]. Later, works has been continued by the other renowned
scientists.

With each passing year, geopolymer has been gaining more and more attention of
scientists all over the world. In 1990s over 100 active research centers have been working on
the development of this branch of science [62]. The rate of growth of this sector did not slow
down as evidenced by the massive number of the current researches.
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2.3 The current investigations on geopolymers

The popularity of geopolymer was growing over time. The history of geopolymer is
long and abundant but there is still a lot to be found and discovered in that field of science.
Today, research centers all over the world are increasing the knowledge about geopolymer.

Certainly, the person of John Provis cannot be omitted on the list of the scientists most
influencing modern geopolymer’s science. His book Alkali Activated Materials [62] written
together with Jannie van Deventer, become for many scientists a guidebook in the
geopolymer’s (or rather in this case “alkali-activated material’s”) world. John Provis undertook
the study on kinetics of geopolymerisation [141] and validated the mathematical model of
chemical reaction kinetics [142]. His current works are focused on the recycling of iron silicate
as a precursor [143]. He works as well on the microstructure of alkali-activated mortar and
chloride penetration [144]. Brunel University is another center in the United Kingdom which
pays attention to the geopolymer issue. Researchers introduced new, pre-dry-mixing method
[145] and investigated addition of PCM vacuum-impregnated, thermal energy storing
aggregates to the geopolymer based on aluminosilicate rich mud and milled waste glass
powder [146].

Lot of vibrant scientific centers working on geopolymers are located in Portugal. Works
are carried at University of Beira Interior, University of Minho, Castelo Branco Polytechnic,
University of Porto, University of Aveiro and in others research centers. In Portugal,
a distinctive direction of tests is geopolymeric binder based on powdered waste from
underground tungsten mine located in Panasqueira, in the central part of Portugal [147]. The
majority of works is led by Professor Joao Castro-Gomes, Professor Fernando Pacheco-Torgal
and Professor Said Jalali. The most recent works concerns, among the others: mechanical and
rheological characteristics of mixtures with different activator/precursor ratio [148]; the
influence of ground granulated blast furnace slag addition on microstructural properties of
hardened material [149]; production of low thermal conductivity foams with use of aluminium
powder as a foaming agent [150] and the influence of precursor particle sizes on different
mechanical parameters of the foams [151]. One of the most recent lines of research at the
University of Beira Interior is the investigation of CO, cured binders. The new, ecological
binder of good mechanical parameters can be obtained by treating the steel slag with carbon
dioxide. The eCO2blocks has been already awarded in national and international competitions
[152].

Works are as well carried out in Spain, among the others at the University of Granada,
University of Sevilla and University of Jaen. The exemplary current work is innovative casting
of glass with the use of geopolymers [153]. The attention is being put on ecological ingredients
such as hemp fiber-reinforced geopolymer [154] or application of an olive pomace fly ash in
the role of alkaline source [155].

One of the biggest names connected with geopolymer in Australia is Jan Stephanus
Jakob van Deventer — a professor at the University of Melbourne. He described precisely the
reaction mechanisms which accompany the process of transformation of waste materials into
the geopolymer gel [72], [156], [157]. He investigated as well the immobilization of hazardous
heavy metals inside the geopolymer structure [158]. In his later works, van Deventer paid
particular attention to the issue of commercialization of geopolymer cement [159].
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The next country which pays an attention to the geopolymer development is China.
The current works includes improvement of properties of metakaolin based geopolymer by
addition of the rice husk ash [160] or plant fibers [104]. A separate study concerns preparation
of decorative, indoor coating [161]. Chinese scientists investigate now the application of
geopolymers in 3D printing process [162]. Properties of geopolymer for 3D printing can be
enhanced by addition of graphene oxide [163], [164] or steel micro cable reinforcement [165].
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Fig.2.3.1: 3D printed, metakaolin-based geopolymer cellular structure [164].

Works on geopolymers are conducted also in several scientific centers in France.
Joseph Davidovits (working currently at Geopolymer Institute in France) proposed recently
a technique for testing metakaolin for geopolymer purposes based on the exothermal
exothermicity of metakaolin with alkali silicates [166]. Professor Davidovits leads currently as
well the project concerning ferro-silico-aluminate geopolymers [167].

Scientists from University of Arlington in United States described the synthesis and
characterization of transition-metal free geopolymers containing synthetic aluminosilicate
and potassium silicate [168]. Another scientific team derived the dependence between
porosity (nanoporosity and microporosity) of metakaolin-based geopolymer composites and
chemistry, reinforcement and strength [169].

Many works are conducted currently in Poland. Professor Janusz Mikuta from Cracow
University of Technology works on the new kind of geopolymer based on tuff (volcanic rock)
coming from Polish village — Filipowice [43]. The part of works concerning the production of
zeolites and geopolymers based on volcanic tuff were patented [170], [171]. The first works
of Professor Mikuta focused on fly ash-based geopolymers [172] and different possibilities of
reinforcement such as distributed steel fibers, wood flour [173] or natural fibers [174]. Studies
involve as well the comparison of the influence of casting and 3D printing methods on
mechanical properties [175]. One of the most current works presents the non-contact method
of large geopolymer surface analysis with the use of bidirectional reflectance distribution
function, ellipsometry and spectrophotometry [176]. The current projects covers also
investigation on mechanical properties and rheology of geopolymer based on fly coming from
the Polish power plant in Potaniec [29], [177]. Professor Izabela Hager with other researchers
determined composition of geopolymer achieving compressive strength even up to 67 MPa
[29]. The tests involve the performance of fly ash-based geopolymers (including
determination of penetration of chloride ions) activated with solutions of different origin
[178], [179]. The optimization of geopolymer mixture composition for 3D printing has been as
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well the subject of the recent research [180]. At the beginning of XXI century, the large
research project on application of geopolymer slurries during the geoengineering works in the
injection method has started at AGH University of Science and Technology [181], [182]. One
of the more current projects covers a trial to reconstruct the geopolymer matrix with use of
combination of small oligomers building blocks and clusters what can help in prediction of
many material properties [183]. Another work focuses on the determination of strength and
thermal conduction coefficient of slag-based geopolymer with addition of aluminium powder
[184].

Professor Lech Czarnecki, from the Warsaw University of Technology, has been
working for years on the polymer-concrete composites. The works focused among the others
on the thorough studies on the existing knowledge about polymer-concrete composites [185],
[186], on the application of polymers in repairing of concrete structures [187] and on
understanding of the nature of the chemical interaction between cement and polymer [188].

a)

Fig.2.3.2: Examples of products made of geopolymer based on tuff: a) cobblestones,
b) decorative plate [189].

Silesian University of Technology is involved in works on geopolymers as well. In 1976,
Professor Tadeusz Hop published his book on concrete modified with polymers [190].
Although, this topic is not strictly connected with geopolymers, it shows a trend in searching
for alternative solutions and enhancements in building material science and can be treated as
a precursor for geopolymers in the Department of Structural Engineering. Researches
concerning the application of polymers in civil engineering were continued by Professor Jan
Kubica, who, in 2006, presented work on the strengthening of cracked masonry with
polymeric resin [191]. The same origin of the relationship between the Silesian University of
Technology and geopolymers dates to 2010 when Marcin Gérski began work on the University
of Beira Interior and started the cooperation with Professor Joao Castro-Gomes. The first
works were made by the research team C-Made and then continued within the Master Thesis
of Flavio Lacao [192], PhD Thesis of Domingos Coxo and Master Thesis of Natalia Paszek [193],
all supervised by Marcin Goérski. In the meantime one of the first scientific papers concerning
geopolymers and numerical analysis of geopolymer-based elements were published [194]—
[196]. Most of the recently performed tests was done within the international project REMINE.
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Marcin Goérski was one of the initiators and the main Polish coordinator of this project.
Preliminary works concerned the mechanical properties of geopolymers based on the
suspension obtained from the Polish fossil-fuel power station [197], [198]. Researchers
worked also on conventional fly ash, metakaolin with the addition of CRT glass and on the
fluidized bed combustion fly ash [199]-[202]. Some of the works involved the addition of
granulated cork [195], polypropylene fibers [203], carbon fibers laminates [204] or graphene
oxide [205]. The most current works involve the reinforcement of fly ash-based foamed
geopolymer with fiberglass mesh [206]. Professor tazniewska-Piekarczyk recently has started
an innovative research on the recycling of mineral wool coming from the demolition of old
buildings in geopolymers [207].

Aside from a multiplicity of theoretical works, geopolymer has already been introduced
into the industry and is currently used all over the world. Zeobond is well-known Australian
company producing its own geopolymer — E-Crete™, consisting of a blend of ground blast
furnace slag and fly ash [159]. Another company, Wagners, developed Earth Friendly Concrete
(EFC). The greatest achievement of this company and simultaneously the largest commercial
application of geopolymer in the latest time is Brisbane West Wellcamp Airport [208].

The MIDAR Technology, which can be used for the encapsulation of waste and in the
production of construction products and ceramics, has been invented by Lucideon company
[209]. A ready for use, geopolymeric binder system — BanahCEM (invented by Banah
company), can be used in precast units, concrete elements manufacturers, insulation
materials, marine constructions etc. [210]. Geopolymer found also an application in fire rated
facade materials. Nu-core® A2 Fireproof Geopolymer Aluminum Composites are the new
proposition on the interiors and exteriors precast composite panels market [211]. The RENCA
company delivers a variety of ready to be used products such as sprayed fire-resistant foam
or 3D ink [212]. Milliken® was one of the companies which introduced geopolymers to the
market in the United States. GeoSpray® geopolymer mortar is a trenchless technology for
rehabilitation and repair of storm and sewer water infrastructure. GeoRoc® is a rapidly
hardening fiber-reinforced mortar which can be used for the weathering protection as well as
surface reinforcement of rocks, soils and coal strata. GeoStrong® can be applied for both
vertical and horizontal concrete surfaces which need to be strengthen [213]. Geopolymer
Solutions® from Texas offers geopolymer material called Cold Fusion Concrete (CFC)® which
is based on fly ash, slag and other kinds of waste. According to the produces, CFC can be used
as alternative to conventional concrete in most of applications with special emphasize to
superior chemical and corrosion resistance [214]. Kiran was developed with the help of
Geopolymer Institute (France) by Kiran Global Chem Limited, India. A company offers the
Geocement, Geobinder and Geocrete containing different by-products: fly ash, activated clay,
rice husk ash or blast furnace slag [215]. The main goal of the Alsitech company is to refine,
promulgate and implement to the industry the tuff-based geopolymer invented in Cracow
University of Technology. Material can be used for production of cobblestones, decorative
elements, insulation materials and precast building elements [216].

Geopolymer is a subject of investigations all over the world and on each continent
(except from Antarctica). It is impossible to list each country not to mention each scientific
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center which is handling the issue of geopolymer. Each year many new papers are written,
many conferences are organized and many new projects are begun. The world is looking now
for environmentally friendly solutions and geopolymer seems to be one of them.

2.4 Application of geopolymers

Geopolymers can find application in many branches of technology and science.
Geopolymer as a material for constructional purposes has been already used in building
industry. In 1950s in Belgium dozens of structures were made of Purdocement [123]. Later, in
the 1990s blast furnace slag-based geopolymer multistory, residential buildings were built in
Russia, Ukraine and China [62]. Elements performed by Zeobond with the use of their own
geopolymer — E-Crete™ are examples of more recent geopolymer structures [159]. The list of
achievements includes freeway expansion works, bridge construction, footpaths, in-situ
retaining walls, precast panels and others. The next impressive example of geopolymer
application is the Brisbane West Wellcamp Airport. High flexural strength, good workability
and low shrinkage allowed to use geopolymer for production of pavements, entry bridge,
culverts, curbs, road barriers, sewer tanks, footings, piles and the tunnel slab in terminal
building etc. [208].

Aside from the already existing geopolymer structures, there are many examples of
theoretical works concerning structural application of this material: containers for water
storage, water channels, water filtration systems, culverts and even precast head walls or
tunnel segments in back shunt tunnels [217], [218], [219].

Fig.2.4.1: a) Prototype fibre reinforced geopolymer tunnel segments, b) cross-section of
a segment [219].

Suksiripattanapong et al. [220] and Horpibulsuk et al. [59] proposed using fly ash mixed
with water treatment sludge for a production of geopolymer masonry units of good
compressive strength and better durability and longer service life than clay-cement masonry
units. Hoy et al. 2016 [221] describes the possibility of using compacted recycled asphalt
pavement stabilized with fly ash geopolymer as a pavement base coarse material. Geopolymer
mixtures can be used also for stabilization of pavement sub-base [222]. Another possible
application is a production of durable roofing tiles [62], [223]. Researches from United
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Kingdom and Malaysia within a project LowCoPreCon are designing domestic buildings made
of geopolymer based on waste and by-products available in Malaysia [224]. Gu et al. [225]
presents application of soft magnetic geopolymer as an induction heating of pavement at the
airports to allow ice or snow melting.

Excellent anticorrosion property of geopolymers was an inspiration for scientists to
consider this material as a protection for reinforced concrete against corrosion [226], [227]
[228]. An optimal setting time, good geopolymer to cement bond strength, low permeability,
quick compression strength development and very good anticorrosion are properties
propitious for the coating work at the seaside. Additionally, the aluminosilicate
geopolymerization products, state stable when immersed in sea water or exposed in air, what
gives concrete a chemical protection [226], [227], [229].

The excellent bond strength between the geopolymer and the concrete allows using
geopolymers as a material for infrastructure rehabilitation. Geopolymer achieves high bond
strength very early and is relatively cheap in comparison to materials commercially used for
infrastructure rehabilitation. Because of great anticorrosion properties, geopolymers can be
used also for trenchless rehabilitation of sewage pipelines [230]. Balaguru [231] reports
research on geopolymer protective coating of transportation infrastructures which can be
applied using squeeze, brush or sprayer and are compatible with different surfaces (concrete,
steel and timber). What is more, smooth and glassy surface enable easy graffiti removal.

Researches reveal that geopolymer can be used as well as a fire protection for concrete
structures. Sakkas et al. [232] presents subjecting the concrete block covered with 5cm thick
geopolymer to the dangerous fire scenario. The geopolymer covering layer was not affected
by any visible signs of damage indicating its potential application in passive fire protection for
underground structures. What is more, the great adhesion to the metal substrates proves its
usability as fire protection coating for steel structures [233].

Good flexural strength, fire endurance and non-combustibility are also main reasons
why geopolymer is considered for aircraft applications. The geopolymer honeycomb and foam
(reinforced with carbon fibers) applied in sandwich structure has been tested as the main
construction of emergency exit door. Geopolymer composite has shown excellent heat and
flame resistance and low material and manufacturing costs [234].
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A wide range of research was dedicated to the geopolymers ability of stabilization of
mine tailings and immobilization of toxic and hazardous elements within the three
dimensional framework of geopolymeric matrix [41]. Mine tailings usually contains heavy
metals and toxic substances, which, disposed in tailing ponds can state an environmental
threat [235]. According to Jaarsveld et al. [156] it is possible to product strong and low
permeable geopolymer consisting in 65-70% of tailings for capping mine tailings. Rao et al.
[235] presents the oil sand tailings consolidation using the geopolymerization process. Boca
Santa et al. [236] describes an immobilization of heavy metals (Pb, Cu, Zn, As, Sn) from
industrial waste of printed circuit board within fly ash-based geopolymer matrix.

Three-dimensional (3D) printing states another potential application for geopolymers.
According to researches, geopolymer can be used in both powder-based [237] and extrusion-
based [238] 3D printing technique. According to results, geopolymer is able to replace
commercially used materials showing even greater compressive strength and can be
considered for 3D printed structural elements.

Koster et al. [239] shows a novel application for geopolymers in self-healing concrete,
where the special type of bacterial spores is introduced to the concrete mixture. When
hardened concrete cracks and water enters the structure, the bacteria germinate and plug the
cracks with the calcium carbonate. Geopolymer cover can protect bacteria during the
concrete mixing process. It opens only during the concrete cracking (due to the strong bond
between geopolymer and concrete matrixes) releasing encapsulated bacteria. The other
innovative application of geopolymer as a bioactive material used for bone repair is described
in MacKenzie et al. [240].

Geopolymer can be used in artistic branches as well. Clausi et al. [94] have explored
the application of metakaolin-based geopolymer in Cultural Heritage as a mortar used for
restoration. Tested geopolymer is reported to be durable, to have versatile range of physical
properties which can be adjusted to the original material and to be similar to the natural stone
what is evidence of the aesthetic compatibility.

Considering future initiatives, geopolymer is taken into account as the possible building
material for the lunar structures [241], [242].

2.5 Cathode ray tube glass

2.5.1 Description of the material

The Cathode Ray Tube (CRT) is a crucial part in most of computer monitors and
television sets produced for decades. Simply put, CRT can be described as a specialized
vacuum tube which is emitting images at the moment when an electron beam meets
a phosphorescent surface [243]. Two basic types of CRTs can be distinguished: black and white
(called also as monochrome) and color. CRT represents about two thirds of computer or
television monitor weights and is built in almost 85% out of glass which is called the CRT glass
[244]. CRT glass can be divided into three main parts: panel (screen) barium-strontium glass
(~65 wt%), funnel lead silicate glass (~¥30 wt%) and neck lead silicate glass (~5 wt%) (see
Fig. 2.5.1) [245], [246]. Screen glass is free of lead (or contains trace amounts of lead) but
contains small amounts of barium and strontium. By contrast, funnel and cone glass can
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contain 22-28% and about 25% of lead respectively [247]. In the color CRTs the frit glass is also
present. Frit glass is a thin layer between the panel and cone of high lead content (~85 wt%).
Additionally, the panel part is covered with a thin fluorescent layer which is rich in yttrium,
zinc sulphides, europium and cadmium sulphides [248]. There is non-negligible difference in
Pb content between color and monochrome CRTs, to the disadvantage of the color ones. The
variation is caused by the presence of the frit part in color CRT and the higher content of Pb
in the funnel glass [249]. Generally, a typical computer CRT contains up to ~1 kg of lead while
a typical TV CRT may even contain over 3,5 kg of lead [249]. Heavy metals (mainly Pb, Sr and
Ba) are components of CRT glass which most draw the attention. Nevertheless, CRT glass is
mainly built of SiO;. The rest of the main compounds present in each part of CRT glass although
in different quantity is as follow: Na;O, Al,03 and K;O. The exact composition of CRT glass
varies among the others in dependence of the type (monochrome or color), manufacturer and
year of the production [248].

Funnel glass

Panel
(screen) glass

a) b)
Fig.2.5.1: a) The old television set containing cathode ray tube (CRT) [250], b) schematic view
of CRT components [245], c) CRT glass [251].

The high lead content which can cause serious environmental effects is the main
problem connected with the CRT glass storage and recycling. The potential leaching of lead
from CRT glass storage on landfills poses a serious environmental threat [252]. The importance
of the problem had an effect on several legal acts. Restrictions concerning collecting, utilizing,
recycling and recovery of electronic waste in a way which will ensure the safety of human and
animal lives and health and environmental safety are depicted among the others in European
Directive WEEE [253], [254]. Because of its toxicity, the recycling of the CRT glass is much more
complicated and demands more attention than the recycling of ordinary glass. Possible ways
for CRT glass reuse can be classified into two main groups: closed-loop recycling and open-
loop recycling [245]. Closed-loop recycling is simply manufacturing of new CRT glass from an
old and discarded one. After being dissembled, cleaned and subjected to other pre-treatments
if needed, old CRT glass is mixed with fresh material to produce new CRT glass. Such practice
is well known all over the world. Recycling of CRT glass in closed-loop allows to save energy
and materials and decrease the contamination level in comparison to the production of CRT
glass from raw materials. The most significant disadvantage of this method is a decline of CRT
glass production in few last years which will be probably limited even more strictly in the
future. Liquid crystal displays (LCDs), light-emitting diodes (LED) and plasma display panels
(PDP) are technologies which almost entirely displaced CRTs [245], [247]. Such tendency gives
rise to the bigger interest of the industry and scientists in the open-loop recycling. In this
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method, the old material is used for the production of many different products or materials
[245]. The general idea of closed and open-loop recycling is presented in Figure 2.5.2.

Closed—loop recycling Open—loop recycling
of CRT glass of CRT glass

foamed glass

metallurgical \ /_‘bricks
Process ~ DISCARDED

_ “CRT GLASS ™\
filers _~ ‘/ concrete

glass—ceramics

NEW CRT GLASS

DISCARDED CRT GLASS
a) b)
Fig.2.5.2: Possible ways of CRT glass recycling a) in open-loop, b) in closed-loop.

Scientists developed a variety of application paths for discarded CRT glass. It can be
used in the production of glass-ceramics [244], [255], [256]; foamed glass (for example for
insulation purposes) [257]—-[259]; glass foams with use of eggshells as a non-typical calcium
carbonate-based foaming agent [260]; in ceramic tiles production (as a replacement for a frit
in transparent glazes) [261]; in manufacturing of roof tiles and clay bricks [262]; for
a production of glass fibers to be used as a filler in polypropylene materials [263]; in
microwave applications (in foamed form — as an electromagnetic absorbent used in building
industry) [264]; application in metallurgical processes as fluxing material (in lead and copper
smelting process) [265] and even as a lead adsorbent in agueous systems [266]. Some
methods allow using CRT glass without any special treatment (still with the high lead content).
Other methods, however, require partial or complete lead removal. Several methods for lead
removal from the glass matrix were developed. Self-propagating high-temperature synthesis
(SHS) allows for stabilization of heavy metals (including lead) in CRT glass [267]. The other
method is a subcritical hydrothermal treatment which causes the conversion of glass into
chemically active layered silicate compound. In the next step, the lead is removed by
immersion in the dilute nitric acid [268]. Yuan et al. [269] proposed the mechanical activation
by ball milling what caused physicochemical changes such as chemical breakage of the glass
matrix. Mechanical activation facilitated the further dissolution of material and thus, the lead
removal. Another idea is the removal of lead with the use of chlorination-volatilization process
[270].

2.5.2 Application of CRT glass in concrete

The possibility of recycling of CRT glass in concrete is the separate, much-discussed
topic. Since this method of glass reuse is closest to the topic raised in this Thesis, the more
careful attention will be paid to the description of investigations done previously in this field
of science. Scientific papers cover examples of application of various fractions of CRT glass
inside concrete [271]-[273]. One of the biggest problems connected with the introduction of
this hazardous waste into the concrete is heavy metals leaching. It was reported that the
concentration of heavy metals (especially lead) in the leachates from concrete with CRT glass
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could not fulfil the required limits [274]. The several trials of application of CRT glass into the
cement mortar or concrete are presented below.

Hui et al. [275] presents studies on the replacement of fine aggregate (the natural river
sand) with CRT glass in OPC concrete with the addition of ground granulated blast-furnace slag
and fly ash. Mortar with CRT glass achieved higher early and long-term strength than the
mortar with river sand. The difference after 28 days reached almost 65%. Flexural strength
and static elasticity modulus of mortar with CRT glass were also higher than with river sand,
although, this time the differences were small. Authors suggest that the significant increase
of compressive strength can be caused by the fact that more CRT glass is used for replacement
of the sand what improves the packing of aggregate particles. Mortar with CRT glass had larger
alkali-silica reaction expansion and was affected by bigger drying shrinkage (measured as the
length change) than mortar with the sand. No lead leaching was measured.

The improvement of flexural and compressive strength of cement mortar (both short-
term and long-term) after addition of crushed CRT glass instead of natural sand was observed
also by Walczak et al. [276]. The compressive strength increases of about 16% and flexural —
of about 14%. Authors suggest that CRT glass is more reactive than sand what helps obtaining
higher strength. What is more, the high silica content in the mortar allows for the reaction
with the calcium hydroxide (generated during the hydration process) and for the production
of a C-S-H gel (calcium silicate hydrate gel) which has an impact on the strength. The same
authors participated in successful experiment on the application of CRT glass as an additive in
autoclaved aerated concrete [277]. The addition of CRT glass had no negative effect on the
strength nor on the quality of the hydration products.

The small increase in compressive strength of cement mortar with 10% and 20% of CRT
glass instead of sand was noticed by Jura et al. [278]. Although, CRT glass replacing sand in
30% caused small decrease of compressive strength. No evident influence of CRT glass content
on frost resistance was observed. No negative effects of CRT glass on strength of cement
mortar was described by the same authors in [279]. Similar dependence (the increase of
strength for small percentage replacement of natural aggregate with CRT glass) was
mentioned also in [280]. The improvement of high temperature resistance with the increase
of CRT content is the separate conclusion of this paper.

Romero et al. [273] reports, that compressive strength of concrete containing 10%,
20% and 30% of CRT glass increases in comparison to concrete containing natural limestone
aggregate. Scientists also report that workability is affected negatively by addition of CRT
glass. The lead leaching can be limited by introducing cross-linked biopolymer into the matrix.
The enhancement of concrete with CRT glass thank to biopolymer was also described in [281].

The opposite results present Ling et al. [282] who investigated a recycling of high
density CRT glass as a fine heavyweight aggregate in barite concrete. Scientists replaced
natural granite and barite aggregates with treated (without lead) and untreated (with lead
content) CRT glass. It was noticed that the bigger replacement of natural aggregate with CRT
glass, the bigger density of concrete samples. Moreover, samples with untreated CRT glass
had higher density than that with treated CRT, probably because of the lead content. Scientists
found out that splitting tensile strength is falling monotonically with the increase of CRT
content (untreated CRT glass has more negative influence on the strength). CRT replacement
has also negative influence on compressive strength but in that case, differences were much
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less significant (not exceeding 20%). Authors suggest that the decrease of the strength could
be caused by smoother and plainer surface of CRT glass particles than of natural aggregate.
No strict, monotonic dependence between CRT content and elastic modulus was found. The
growth of CRT content decreases the resistance to carbonation of the concrete but reduces
the drying shrinkage. The drying shrinkage is reduced because the glass addition decreased
the total water content. The leaching test indicated that it is possible to use treated CRT glass
up to 100% but not treated CRT glass can be used only to 25% as replacement of natural
aggregate in heavyweight concrete.

The same scientists repeated the trial of application of CRT glass this time as an
aggregate in X-ray radiation-resistant cement mortar [283]. The behavior of the mortar with
CRT glass was compared to the behavior of the mortar with natural river sand. Once again,
the decrease of the strength with the increase of glass content was registered. However, the
strength of material with CRT glass was good enough to qualify such mortar for structural
purposes. The tests have shown that the addition of CRT glass (both treated and untreated)
enhances the radiation-shielding properties of the mortar and allows to use this material in
CT-scanner and X-ray diagnostic rooms. The other idea of Tung-Chai Ling and Chi-Sun Poon
was to add crushed CRT glass as an aggregate (both fine and coarse one) into dry-mixed
concrete paving blocks [284]. The replacement of natural aggregate with CRT glass decreased
water absorption. As in the previous tests of these authors, the density growth while the dry
shrinkage and compressive strength decreased (till the acceptable level) with the increase of
CRT content. Lead leaching showed that the maximum content of CRT glass replacing the fine
aggregate in the material could be equal to 25%. Much less lead was leached from samples
containing bigger particles of CRT glass. The expansion due to alkali-silica reaction enlarged
with the increase of glass content. The authors concluded that CRT glass is an appropriate
material for aggregate in concrete paving blocks.

The decline in the strength with the increase of the replacement rate of natural sand
with CRT glass was also described in [285] and [271]. The addition of CRT glass leads to the
reduction of storage modulus (stiffness) of mortar. No strict, monotonic influence on the
consistency of the fresh mortar nor on its loss tangent was observed [285]. The presence of
CRT glass can enhance the long-term resistance to chloride ion penetration. The elastic
modulus decreased with the increase of CRT glass content [271]. Liu et al. 2020 [272] reports
that the increase of CRT glass content results in a decrease of both short-term and long-term
flexural and compressive strength of ultra-high performance concrete. The flowability of the
fresh mixture as well as the porosity of the hardened material increases with the increase of
CRT glass content. The lead leaching grows monotonically along with the increase of CRT glass
content although, even for the replacement rate 100%, the leached lead concertation is still
below the allowed limit.

Studies done by Song et al. [286] confirms most of described above characteristics of
concrete with CRT glass: the increase in density, a decrease of water absorption, elastic
modulus and strength. This paper adds a new behavior: damping ratio, which is not impacted
significantly by addition of CRT glass. The influence of CRT grains size was also investigated.
Concrete containing smaller CRT grains obtained higher strength and higher modulus of
elasticity than concrete with CRT particles of a bigger size. By contrast, Witkowski et al. [287]
noticed the increase of water absorption of concrete with incorporated CRT glass into the
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composition. Scientists also observed the decrease of both flexural and compressive strength
of concrete with glass.

a) b)
Fig.2.5.3: a) Natural sand grains versus, b) CRT glass particles [285].

Pauzi et al. [288] investigated the behavior of concrete with spherical and crushed CRT
glass as a replacement of the natural coarse aggregate. Samples with CRT glass (both spherical
and crushed) achieved significantly smaller compressive and splitting tensile and flexural
strength after 7, 28 and 56 days than samples with natural aggregate. Samples with CRT grains
of a spherical shape obtained slightly higher compressive strength but smaller splitting tensile
and flexural strength than these with crushed CRT glass. Authors concluded that the smooth
surface of CRT glass weakens the bond between cement paste and aggregate what causes the
decrease in strength. The study has shown that concrete with CRT glass replacing 100% of
natural aggregate fulfil the lead leaching standards for CRT glass grains higher than 4,75mm.

Despite conducting laboratory tests, many scientists focused on the theoretical aspect
of application of CRT glass in building materials and on the State of Art [245], [246], [289]-
[291] as well.

2.5.3 Ability of geopolymers for immobilization of heavy metals

Geopolymers are claimed to have abilities to immobilize toxic elemental waste within
their matrix. Hazardous elements (such as heavy metals) after introducing into the mixture,
are locked inside the rigid network of the geopolymer matrix [41]. Heavy metal ions are
adsorbed onto geopolymer structure due to the bond, which is formed between the
aluminosilicate matrix and toxic waste particles on the base of the surface reactivity [292],
[293]. The new phase is formatted after reaction of the insoluble Cu, Pb or other compounds
with species dissolved from Al source, rich in Si and Al [294]. The efficiency of the
immobilization of heavy ions can be affected by such factors as: type of cation present in
alkaline solution, the concentration of alkaline solution, curing time, pH level etc. The leaching
test is the most efficient way to asses if the immobilization process was successful. The high
content of heavy metals in leachates can be caused by disruption or degradation of the
geopolymer matrix or the release of toxic particles from the intact matrix (a process which can
be compared to the ion exchange) [292]. The issue of immobilization of toxic waste inside
geopolymers is broadly described by different scientists.
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Boca Santa et al. [236] introduced a waste solution (containing among the others such
metals as Pb, Cr, Cu, Fe, Sn, As, Ni) into the bottom ash-based geopolymer matrix activated
with sodium hydroxide or potassium hydroxide mixed with sodium silicate. Test results
indicated that heavy metals were successfully immobilized in the geopolymer structure
however, in different proportions. Leaching and solubility tests indicated that all heavy metals
were immobilized physically and chemically in about 97%. Most of metals were immobilized
in almost 99,99%.

The water introduced into the mixture in the form of waste solution which can
interfere with the geopolymer matrix and affect its characteristics negatively states the
disadvantage of this method. Somna et al. [295] presents the immobilization of heavy metals
(Ni, Cd and Zn) in fly ash-based geopolymer. Authors observed that incorporation of heavy
metals has an adverse effect on compressive strength, but they conclude that fly ash-based
geopolymer can be used for immobilization of heavy metals.

The high immobilization of heavy metals (Zn, Pb, Cd and Cr) inside alkali-activated
cementitious slag materials were observed by Professor Matolepszy and Professor Deja [138],
[139]. Authors explain that the structure and properties of alkali-activated slag hydration
products (i.e., the high gel pores content) are crucial for the immobilization abilities.

Palomo et al. [296] investigated the introducing of chromium and lead into the fly ash-
based geopolymer matrix. Chromium is not immobilized effectively, and it is disturbing the fly
ash activation and hardening process. Leaching test showed that lead had been successfully
solidified and stabilized in the structure. Zhang et al. [158] also reports problems with
immobilization of the chromium element. Heavy metals were introduced to fly ash-based
geopolymer matrix in the form of nitrate and chromate salts. Contaminant ions were
dispersed throughout the matrix what did not change the geopolymer structure significantly.
Toxic waste if added in small amounts, do not decrease relevantly compressive strength and
may even enhance it. Lead and cadmium were successfully stabilized inside the material.
Jiet al. [297] presents the immobilization of heavy metals (Cd, Pb and Zn) in metakaolin-based
geopolymer in which part of raw material was replaced with aluminium or iron-based drinking
water treatment residuals. Scientists added 1, 2 or 4% of heavy metal to the mixture. The
compressive strength decreases with the increase of toxic ions content. The immobilization
rate ranged from 97,8% (4% of Zn) to 99,7% (1% of Cd). The efficiency of lead stabilization was
not lower than 98,3%. According to Phair et al. [294] the efficiency of Pb immobilization
depends on the type of activator and overall extractable alkali cation concentration of
Al source. NaOH was the best from activators used during the research (the concentration of
lead in leachates from samples activated with NaOH fulfilled requirements). The
immobilization of Cu was much less effective. Authors suggest that the toxic waste pre-
treatment (with the Al source) before introduction to the mixture would increase the
efficiency of its immobilization.

2.5.4 Application of CRT glass in geopolymers

All scientific works listed above treat about possible immobilization of toxic waste
inside the geopolymeric matrix. That allows assuming that the utilization of CRT glass (which
is toxic and contains heavy metals) inside the geopolymer matrix is possible. Nonetheless,
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introduction of toxic metal ions to the structure varies from the introduction of CRT glass. The
different attempts of adding of CRT glass into the geopolymer and the effect on the
mechanical behavior of the final product are presented below.

Moncea et al. [298] conducted studies at the possible immobilization of Pb from
discarded, waste, powdered CRT glass from television sets and computer screens inside the
geopolymer matrix. The mixture contained type F fly ash, sand, sodium hydroxide and sodium
silicate. The amount of CRT glass was dosed in such amount to bring 2% to 10% of Pb to the
mixture (13% - 69% of CRT glass to the mass of the fly ash). The CRT glass contained 15,5% of
Pb. Samples were subjected to the thermal treatment at 60°C by the first 24 hours. For the
next 27 days, samples were cured at the room temperature. The immobilization ratio was
assessed according to the leaching test (due to the standard NEN 7345 [299]). The acidified
and distilled water was used as the leaching agent. Tests have shown that the highest amount
of the lead is leached from the matrix during the first 6 hours. At 64 days, the Pb?*
concentration in acidified water and distilled water was equal to 8 and 5,45 mg/m?
consecutively. These values are below the maximum allowed limit (100 mg/m?) given by Dutch
Building Material Decree [300]. The final pH of distilled water was equal to 10 while of acidified
water — 11. The small amount of CRT glass powder did not influence the compressive strength
significantly. The increase of CRT glass content affected negatively the early compressive
strength of geopolymer but enhanced the long-term compressive strength. As the
continuation of the previous work, the behavior of slag-based geopolymer was investigated
by the same group of scientists [301]. Authors observed that the hydration process is not
affected when the small amount of Pb (0,18%) is incorporated in the matrix. Higher content
of Pb (10%) slows down the hydration.

Gao et al. [302] presents application of CRT glass as fine aggregate in fly ash and ground
granulated blast furnace slag-based geopolymer. Scientists proved that geopolymer
incorporating CRT glass shows much smaller alkali silica reaction expansion and are able to
better maintain high compressive strength than Portland cement concrete with CRT glass.
Geopolymer containing CRT glass showed enhanced shielding performance. Incorporation of
CRT inside geopolymer matrix decreased Pb leaching in comparison to pure CRT glass as well
as to concrete with CRT glass.

Catauro et al. [303] presents the attempt of the utilization of milled CRT glass coming
from TV and personal computer kinescopes (in particular funnel glass VFNL, reach in PbO —
18% and glass named VBa, reach in BaO — 10%) in metakaolin-based geopolymer. The mixtures
contained 60 wt % of metakaolin and 40 wt % of CRT glass and were activated with sodium
silicate and sodium hydroxide solutions. Geopolymers were cured at the room temperature.
The leaching test was conducted according to the European standard EN 12457 [304]. Due to
the test described in [303], the CRT glass does not show high reactivity in the geopolymer
structure but as well does not interrupt the geopolymerization process. The addition of CRT
glass increases the Si content and Si/Al ratio what, in effect leads to the lower release of the
Al from the geopolymer. The amount of all leached metals (except of Pb and Sb) was beyond
the allowable limits. The compressive strength was not investigated.

Ogundiran et al. [105] presents the recycling of powdered CRT glass inside metakaolin
clay-based geopolymer activated by sodium hydroxide and sodium silicate mixture. CRT glass
was added as a replacement of metakaolin clay in proportions 0% - 20%. CRT glass contained
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24,1% of PbO by mass. Samples were cured at the room temperature. The leaching test was
carried out according to the toxicity characteristic leaching procedure (TCLP) [305]. The
concentration of extractable Pb particles in geopolymers is much lower than in non-stabilized
starting materials. The amount of Pb particles ranged from 0,27 to 4,28 mg/l. The maximum
mass content of CRT glass in the geopolymer, which allows fulfilling the leaching standards is
15%. Samples with CRT glass were less water absorbent and had higher density. Tests have
shown that the compressive strength increases with the increase of CRT glass content. The
growth of compressive strength of geopolymer with 20% of CRT glass in comparison to the
geopolymer without CRT glass ranged between 19% and 30% in dependence on the curing
period length.
Authors indicate three main possible reasons for higher strength of geopolymer with
CRT glass:
1. Increased amount of SiO, content what resulted in more Si-O-Si bonds which are
reported to be stronger that Al-O-Al bonds.
2. Higher water demand of mixtures without CRT glass what resulted in more rapid
hardening and lower time for development of rigid, strong structure.
3. The presence of Pb in the structure.

Ogundele et al. [306] reports a partial replacement of calcined clay with powdered CRT
glass (0%, 25%, 50% and 75% by mass). The used CRT glass contained 2,93% of Pb. Samples
were cured at ambient temperature. According to the results, the compressive strength
decreases while the drying shrinkage and water absorption increase along with the increase
of CRT glass content. The compressive strength of samples containing 50% of CRT glass was
equal to 13,44 MPa.

Long et al. [307] investigated the behavior of ground granulated blast furnace slag-
based geopolymer with powdered CRT glass as a partial replacement (0%, 10%, 30%, 50% and
70% by mass) of the raw material. The mixture contained slag, powdered CRT glass (of high
PbO content —24,52% by mass), sand, sodium silicate and sodium hydroxide. The leaching test
(done according to the TCLP) has shown that when the CRT glass content is below 50%, the
lead leaching fits in the required limits. The concentration of Pb present in alkali activated slag
mortar ranged from 6,04 to 42,31 mg/l in dependence on CRT glass content. After stabilization
of the mixture, the extraction values dropped beneath the 1 mg/l in case of geopolymers
containing 10-30% of CRT glass. Leachate from material containing 50% and 70% of CRT glass
contained respectively 1,78 and 8,83 mg/I of Pb. What is more, CRT glass has no significant
negative effect on the strength of the final product. Scientists observed, that both flexural and
compressive strength decreases with the increase of CRT glass content. Although, when the
CRT glass content does not excess 50%, the long-term flexural strength decreases by about
12% while compressive strength decreases by approximately 8%. For 70% of CRT glass
content, the drop in strength is much higher — over 35% both in the case of flexural and
compressive strength. The structure of the geopolymer was not changed, and no additional
geopolymerization products are produced. This test has shown that CRT with the lead content
can be efficiently and safely immobilized in the geopolymer structure. Tests conducted by
Long et al. [307] have been continued but this time CRT glass was applied in the form of a fine
aggregate as a partial replacement of sand (sand to CRT glass mass ratio was equal to 1:1)
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[308]. Ground granulated blast furnace slag replaced with a fly ash in 0, 30, 50, 70 and 100%
was used as the precursor. Geopolymer was cured at the ambient temperature. All samples
containing CRT glass and sand achieved smaller compressive strength than samples with sand
only. The decrease of strength ranged between 15% and 18% with the exception of
geopolymer based on fly ash only, where after the addition of CRT glass compressive strength
decreased by over 72%. Generally, the compressive strength of samples with sand ranged
from 9,0 to 23,6 MPa and samples with sand and CRT glass from 2,5 MPa to 19,4 MPa in
dependence on slag to fly ash ratio. According to scientists, the Pb leached from the hardened
material fulfils the required limits in geopolymer containing 0, 30 and 50% of fly ash. The PbO
does not affect the crystalline phase nor the aluminosilicate structure of the matrix but retards
the hydration process. The continuation of an investigation is described in recently published
paper [309]. CRT glass and sand have bend used as fine aggregates in mass ratio 1:1. Fly ash
and slag, in mass ratio 1:1, have been used in the role of raw materials. Silica modulus (SiO2
to Na,O ratio) and alkali dosage (Na2O to binder ratio) were the varying factors. According to
results, compressive strength increases significantly along with the increase of silica modulus
from 0 to 1,5. The optimum alkali dosage was specified between 6% and 8%. The maximum
compressive strength achieved during test exceeded 72 MPa. That result is significantly higher
than in previously reported tests [307], [308]. An increase of silica modulus improves
compressive strength, interfacial transition zone between CRT glass particles and geopolymer,
limits the Pb leaching, increases the chemical solidification of Pb and decreases the total
porosity. Authors emphasize, that Pb ions are both physically encapsulated and chemically
solidified inside geopolymer matrix. All tested samples fulfilled limits for Pb leaching what
means that CRT glass can be successfully recycled within proposed geopolymer mixture.

Carrillo et al. (2021) [310] presents the research on the influence of addition of CRT
glass particles (of size 0,010 mm to 1,100 mm) to metakaolin-based geopolymer in ratio 5, 10
and 20% by weight. Samples were cured at 65°C for the first 20 h, then at the room
temperature. According to the results, encapsulation of CRT within metakolin-based matrix
reduces significantly concentration of toxic metals (lead and barium) in leachates. In case of
the not solidified CRT glass powder, the concentrations of Pb are equal to 32,4+2.74 mg/l and
exceed limit value 16 times or 6,5 times in dependence on the considered standard. Scientists
proved that the amount of Pb in leachate can be reduced to 1,48 mg/| for geopolymer with
CRT glass content 5% and 10% or to 2,43 mg/I for CRT glass content 20% by weight. Scientists
indicate that the reduction of Na +ions and application of less alkaline medium provide higher
immobilization rate since the surface of the CRT glass is dissolved more easily (mainly Si and
Al elements) and reacts with the rest of geopolymer matrix. Consequently, toxic metals are
encapsulated within the new phase (called by scientists an albite) which enable better
anchoring of CRT glass particles to the matrix (see Fig. 2.5.4). In geopolymer mixtures with
higher NaOH amount, the polymerization takes place faster hampering the immobilization of
toxic ion metals.
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Fig.2.5.4: SEM micrographs of metakaolin based geopolymer with CRT glass with the molar
elements ratios: a) Na/Si=0,74, b) Na/Si=0,51 [310].

Recycling of hazardous high leaded CRT glass was risen withing the European
programme HORIZON 2020 as well. The main goal was to design and produce high
performance geopolymer blocks containing discarded CRT glass. The first step was to
precipitate CRT glass out of the lead using the novel hydrochemistry method. The retrieved
lead could be sold, and the unleaded CRT glass was to be used in the production of VirtuCrete
new kind of geopolymer concrete. The project lasted from July 2015 till the end of December
2015 and was coordinated by the Virtus Projects Limited in the United Kingdom.
Unfortunately, the author could not find any further details of the project (concerning
methodology or used materials) evidence of the success nor the evidence of the failure [311].

The preparation of radiation-proof geopolymer with use of powdered CRT glass was
patented recently by Chinese scientists [312]. Authors indicate the silicon and aluminium
reach ingredients as the possible raw materials (i.e., silicon rich aluminium ash, ground
granulated blast furnace slag or metakaolin) and the mixture of sodium silicate and sodium
hydroxide as activators. The presence of CRT glass (particularly the heavy metals incorporated
inside as galena, barium, lead and strontium) enhances the radiation ray absorbance ability of
the geopolymer. The geopolymer should be cured at the temperature ranging from 30°C to
50°C by 24 to 48 h. According to the inventors, the addition of calcined dolomite reduces the
lead leaching effect. The final product can achieve approximately 31-62 MPa compressive
strength. Authors mention several possible ways of application of their invention:
construction radiation shield body, nuclear reactor housing, nuclear waste curing treatment.

Badanoiu et al. [313] investigated the possibility of preparing the geopolymer based only
on crushed CRT glass (without any other raw materials) and compared its properties with
geopolymers based on fly ash replaced with powdered CRT glass. The mixture was activated
with NaOH or KOH solutions. Scientists observed that samples containing only CRT glass
obtained significantly higher compressive strength than samples with CRT glass and fly ash
and with the fly ash only. However, generally, the results of compressive strength were not
very high. Within mixtures activated with NaOH solution, the highest strengths (about 16 MPa
and 22 MPa) were obtained by samples cured for 90 days, containing liquid to solid ratio
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0,4 and 0,5 respectively. Samples cured at the room temperature achieved generally smaller
short-term and higher long-term compressive strength than samples cured for the first 4 days
at 60°C. Geopolymer activated with KOH solution had higher strength (over 25 MPa after few
days of curing) than geopolymer activated with NaOH, but its strength had shown a worrying
tendency to fall down in time. Authors observed that geopolymer based on CRT glass has
better workability than the one containing fly ash probably because of the higher water
absorption of fly ash grains. Samples with CRT glass loose more mass and more strength after
immersion in the demineralized water than samples with fly ash addition.

b)
Fig.2.5.5: SEM micrographs of geopolymer containing a) CRT glass (G - glass particle) b) fly ash
(FA —fly ash particle) [313].

The utilization of CRT glass in geopolymer was one of raised subjects in Master Thesis
of Tomas Opletal, from Czech Republic [314]. He used crushed CRT glass from the cone and
screen parts (high Pb content). Particles smaller than 63 um were treated as the raw material.
The rest of grains (from 63 um to 5,6 mm) were added as a fine aggregate. The mixture was
prepared from metakaolin or blast-furnace slag (being the by-product of the steel production),
CRT glass, sodium silicate and sodium hydroxide. Compressive strength test was conducted
on samples of approximate dimensions 20x20x100 mm (not all samples had regular shape)
cured at the ambient temperature for 28 days. Samples were prepared from 37 different
mixtures. Most of the specimens obtained relatively high compressive strengths. The
compressive strength of geopolymer based on metakaolin ranged from 34,2 to 111,6 MPa
while geopolymer based on the slag — from 11,2 to 119,2 MPa. Two best results of
compressive strength were obtained by geopolymer of compositions: 1) CRT grains of
dimension 2 — 4 mm, raw material to activator ratio — 10:9, metakaolin to CRT ratio — 1:3,
2) CRT grains 2 — 4 mm, raw material to activator ratio — 5:4, slag to CRT ratio — 1:3. The
leaching test was conducted on several samples of the best compressive strength. None of the
tested geopolymers could be qualified as the first-class due to the standard 294/2005 Sb [315]
(material which can be stored on a landfill site without any special treatments). Only 2 within
nine tested samples of different compositions could be qualified as the waste of the second
class (material which can be stored only on special landfill sites for hazardous waste). The work
also presents the research on the interface between CRT glass particles and geopolymer
matrix done with the use of EDX-SEM and EDX. The reaction between the surface of some of
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the glass grains and geopolymer matrix was observed. The Author explains that the sharp edge
of the crushed glass can react with alkali solution. The Author observed also some microcracks
inside the geopolymeric matrix, which can be explained by shrinkage occurring in the matrix
with the excess of water during the hardening process. In some mixtures, cracks could be
caused by the wrong proportion of CRT glass to the rest of the ingredients.

Fig.2.5.6: a) reaction on the surface between CRT particle and metakaolin, b) microcracks

caused probably by improper amount of liquid, ¢) microcracks caused probably by too much
CRT glass inside matrix [314].

2.6 State-of-the-art critical analysis and summary

Chapter begins with the general description of the geopolymer from the chemical point
of view. The first subsection contains the definition, description, analysis and division into the
stages of the geopolymerization process as well as the chemical structure of geopolymers. The
second subsection shows the variety of possible compositions focusing on raw materials and
activators. Among the many innovative ideas concerning waste which can be used as the raw
material, there are three the most commonly used: fly ash, metakaolin and slag. The best-
known activators, in turn, are sodium or potassium hydroxide and sodium silicate.

Then follows the description of many different approaches to the geopolymerization
process design where the chemical ratios optimalisation (mostly Si/Al and Na/Al) seems to be
the most frequently chosen approach. The next subsection describes the history of
geopolymer, beginning from the questionable but intriguing idea about ancient buildings and
then focusing on the reliable facts from the modern times. The history is supplemented with
the current investigations conducted all over the world together with the practical and
theoretical applications of geopolymers in many different branches with the special
emphasize on the civil engineering branch. The most popular ways of application of
geopolymer are: as a building material for structural elements, in fire and chemical protection
for concrete or steel elements, in thermal insulation.

The next part concerns CRT glass — its origin, composition (with the special regard to
heavy metals content), recycling methods and possible applications. The unquestionably the
most efficient way of recycling is so called open loop, where CRT glass is used for production
of new materials or elements. The utilization of CRT glass in concrete industry is extensively
explored way of recycling. There is lot of works devoted to the application of crushed CRT glass
as a total or partial replacement of sand in concrete mixtures. However, even in case of
concrete which is much deeper investigated than geopolymer, the observations on the impact
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of CRT glass on the characteristics and behavior of the material are inconclusive. Part of the
publications reports the increase of strength after application of CRT glass while many other
scientists observed a negative impact of CRT glass on mechanical behavior. The issue of lead
leaching is inconclusive as well. There are both sources claiming that concrete with CRT glass
fulfils the regulatory limits for toxic metals leaching and investigations invalidating this theory.

The last parts contain study of heavy metals immobilization inside the geopolymer
matrix and the careful analysis of existing researches on the utilization of CRT glass in
geopolymer. Since the so far conducted investigations on utilization of CRT glass in
geopolymer are the most crucial with respect to the topic of this Thesis, the extended
summary of that subsection is enclosed below.

The amount of works devoted to the utilization of CRT glass in geopolymer is limited.
Moreover, the scope of existing investigations is limited as well. The following limitations
within the works describing the utilization of CRT glass in geopolymer have been listed:

e The majority of existing works concerns the application of CRT glass in powdered form
as a replacement or partial replacement of the raw material [105], [298], [301], [303],
[306], [307], [312], [313] while there is less publications describing geopolymer with
CRT glass in form of an aggregate [302], [308]-[310], [314].

e The majority of tests has been done on only one mixture, mostly on samples cured in
one specific conditions.

e The majority of tests concerns only one type of strength test, mostly compressive
strength test without flexural strength test [105], [298], [306], [309], [313], [314] or
lead leaching only without the description of mechanical performance [303], [310].

e There is lack of the extended laboratory tests exploring various aspects of one chosen
material, such as: different combinations of mixtures, curing regimes, the influence of
curing time, influence of the concentration of activator or size of an aggregate, and
description of different characteristic — both flexural and compressive strength,
density, porosity and toxic metals leaching.

Among the cited investigations concerning the addition of bigger than powdered
fractions of CRT glass into the geopolymer mixture, there are still some deficiencies:

e Carrillo et al. [310] does not present mechanical parameters of the material at all.

e Opletal [314] describes an explorative studies on metakaolin-based geopolymer with
CRT glass in form of an aggregate but there is lack of test on the flexural strength or
stress-strain relationship. Additionally, compressive strength tests have been
performed on samples of irregular shape what can affect results. There is also lack of
the description of the influence of time or temperature of curing on mechanical
performance as well.

e Long et al. [308] investigates the incorporation of CRT glass in form of an aggregate
but only into the fly ash and slag-based geopolymers. Besides, the maximal presented
sand replacement ratio was equal to 1:1 by mass. The compressive strength only was
determined. There are as well deficiencies in the influence of various factors on the
mechanical behavior of the material.

40



e Long et al. [309] presents tests done on fly ash and slag-based geopolymer containing
sand to CRT glass in one ratio (1:1), cured in one specific conditions (28 days in room
temperature). The flexural strength was not checked during the investigation.

e Gao et al. [293] introduces tests on geopolymer based on fly ash and slag with CRT
glass as fine aggregate. Only one geopolymer mixture containing CRT glass was tested.
One curing regime has been used. Only compressive strength was investigated. The
research was focused mainly on alkali silica reaction expansion.

Concluding, CRT glass is dangerous waste which has to be utilized in the safe way.
Geopolymers, with their ability to immobilize toxic metals give the innovative and
environmentally friendly opportunity for recycling of CRT glass. There are studies indicating
that incorporation of CRT glass in the geopolymer matrix is a promising way of utilization of
that type of waste. However, the lack of an extensive studies of one chosen type of
geopolymer limits the chances of the successful application of such solution in practice. In
light of described deficiencies, an Author of this Thesis decided to closely investigate
metakaolin-based geopolymer incorporating crushed discarded CRT glass in form of an
aggregate.

One of the main goals of the following Thesis was to assess if the specific type of CRT
glass achieved from the local landfill can be used in metakaolin-based geopolymer as an
aggregate. The research program focuses on the determination of an optimal mixture
composition and the description of the influence of the following factors on the mechanical
behavior of the geopolymer: curing temperature, curing conditions and time, concentration
of the activator and size of the used CRT glass. The research includes a description of several
characteristics of the material: flexural and compressive strength, temperature inside material
during hardening, porosity, density and toxic metals leaching. An Author believes that the in-
depth studies will allow to accelerate the process of application of the geopolymer with CRT
glass in form of an aggregate as a potential structural material in practice. Moreover, an
Author has faith that this Thesis will be a valuable extension of the existing knowledge on
geopolymer incorporating CRT glass.
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CHAPTER 3 (PRELIMINARY RESEARCH)

3.1 The scope and test program

To facilitate the reading of the research part of this Thesis, the graphical scheme of the
research part is included below. The scheme details three main parts: preliminary research,
main research and complementary research. Each part is associated with the particular color:
violet, green and red respectively. Further, in this Thesis, each page is signed at the top with
the particular color as well to facilitate quick recognition which part of the research is currently
being described.

The scheme presents all subsections of the main research chapters as well. In the
preliminary research, where the main goal was to find an optimal mixture, there are given
short notes describing how many mixtures or curing conditions were taken at the beginning
of the test and how many of them were qualified for the further tests.
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3.2 Materials

Geopolymer mixtures contained following materials: metakaolin (precursor), crushed
CRT glass (aggregate), sodium silicate and sodium hydroxide (activators). No extra water
(except of this one present in solutions) was added to mixtures. The exact data concerning
each ingredient of mixtures is given below.

Metakaolin was used as the only precursor in all mixtures. Metakaolin MK-40 was
supplied by Astra Technologia Betonu® company. Material was not subjected to any additional
treatment after receiving from the manufacturer. The exact chemical composition is
presented in Table 3.2.1.

Table 3.2.1: Chemical composition of metakaolin?.

SiO; |AlLO3 |K:O |TiO, |[Fe03|Ca0 |[MgO |H.O |NaO |P,0s |Cl S
[%] |53,12 (42,24 |0,73 |0,64 (0,45 [0,44 (0,26 |0,22 |0,09 |0,03 |0,02 |0,01
'Data obtained from producer — Astra Technologia Betonu®

a)
Fig.3.2.1: a) Metakaolin, b) CRT glass.

Crushed Cathode Ray Tube (CRT) glass was used as an aggregate. CRT glass used during
the works came from old discarded television sets and computer screens. Chemical
composition of CRT glass is presented in Table 3.2.2. Material was delivered by Thornmann
Recycling LTD. It has been already crushed and stored at the landfill. Three batches of CRT
glass taken from different locations of the storage scarp were obtained in different time
periods. Sample representing each batch was subjected to sieve test. One of the main goals
of the work was to check if it is possible to use waste glass in almost the same form as it was
obtained from a deliverer to limit works connected with the recycling process since each
additional work activates consumption of time and costs. The biggest particles of glass fit in
range 4-8 mm although, the large majority of particles ranged from a dust fraction (> 0 mm)
to 4 mm. Fragments of CRT glass bigger than 4 mm were weed out since majority of tests was

44



performed on relatively small prismatic samples of dimensions 40x40x160 mm. The
cumulative distribution of CRT glass particles being the average from the results of each batch
of glass is presented in Figure 3.2.2. The sieve test has been done by the Author in Laboratory
of Civil Engineering (Silesian University of Technology). Figure 3.2.3, in turn, presents the exact
cumulative distribution of the finest parts of CRT glass (those which passed the sieve of size
0,125 mm) together with the metakaolin particles. The measurement was done with the use
of the laser particle analyzer by Professor Sara Rios at Faculty of Civil Engineering, University
of Porto.

Table 3.2.2: Chemical composition of CRT glass?, [%].

Si0;

Na,0 | CaO |BaO

K;O | MgO | PbO

SrO

Al,03

SO3

FeZOa

Zr0;

TiO,

Zn0

ASzO3

76,10

6,25 |5,24 |2,62

2,36 |1,64 | 1,61

1,42

1,37

0,55

0,38

0,28

0,12

0,05

0,01

1Chemical composition was determined by the XRF analysis by EkotechLAB®
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Fig.3.2.2: The particle size distribution of CRT glass (done by the Author in Laboratory of Civil

Engineering, Silesian University of Technology).
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Fig.3.2.3: The particle size distribution of metakaolin and fine particles of CRT glass (done by
Professor Sara Rios at Faculty of Civil Engineering, University of Porto).

Sodium silicate was supplied by Zaktady Chemiczne “Rudniki” S.A. company in form of
water solution ready for use (type 145). According to the producer, the sodium silicate
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solution had a molar ratio of SiO2/Na>O between 2,4 and 2,6. The minimum content of oxides
(SiO; and Na;0) in the sodium hydroxide solution was equal to 39%. The density at 20°C was
between 1,45 and 1,48 g/cm3.

Sodium hydroxide was supplied by Chempur® company in form of white pellets.
Sodium hydroxide characterized with molar mass equal to 40 g/mol and purity not less than
98% (the exact purity varied in dependence on manufacturing lot but each time it was
considered in calculations during preparation of the solution). Sodium hydroxide was used in
form of solution prepared minimum 24 hours before the preparation of samples. The sodium
hydroxide pellets were dissolved in demineralized water in proper amount to obtain solution
with demanded concentration (in most cases the concentration was equal to 10 mol/L).

3.3 Research methods

Mechanical mixing of precursor (metakaolin) with the aggregate (crushed CRT glass)
was the first step of samples preparation in case of all mixtures. In the next step, activators
(sodium hydroxide and sodium silicate) were mixed together with use of magnetic stirrer for
5 minutes. Then, activators were poured into the vessel containing dry ingredients and mixed
with mechanical mixer. The homogenous geopolymer mixture was placed in moulds. The
curing process was various thus it is presented in the description of each test. All samples were
measured with a caliper and weighted just before strength test. The density of samples (if not
stated otherwise in the description of the particular test) was obtained by dividing mass of
sample by its volume. The strength tests were performed on samples of shape of small beams
of approximate dimensions 40x40x160 mm, according to EN 196-1:2016 regulations [316].
Standards for cement testing were applied since there are no valid documents concerning
geopolymers testing. It is widely practiced among scientists to employ standards established
for typical cement mortars also for geopolymer testing [30], [39], [92], [96], [103], [174]. The
schematic view of the geopolymer beam and of sample during the flexural strength test is
presented in Figure 3.3.1. All deviations in dimensions were taken into account in calculations
of both compressive and flexural strength.

=]

I
|
|
|
|

160 |, 30
| _ 160
a) b)
Fig.3.3.1: Schematic view of the prismatic sample (all dimensions in mm) a) overall
dimensions, b) sample during the flexural strength test.

46



The strength test machine Controls® Model 65-L27C12 Serial nr 12020060 was used
during strength tests (Figure 3.3.2). The beams were subjected firstly to the flexural strength
test (three-points-bending test). The geopolymer beam was loaded with velocity equal to
50000 N/s. Flexural strength was determined according to the following formula 3.3.1:

P*l1 6
= * —mm8
fs 4  bxh?

(3.3.1)

where:

fy — flexural strength [Pa]

P — maximal compressive force at the state of sample failure [N]
l; — distance between supports [m]

b — width of the sample [m]

h — height of the sample [m]

Halves of samples obtained after flexural strength test were subjected to compressive
strength test and loaded with velocity equal to 2400 N/s. Samples were subjected to the
compression through two metal plates (the upper and bottom one) of dimensions 40x40 mm,
presented in Figure 3.3.3. All tests (if not stated otherwise in the description of a particular
test) have been done by the Author in Laboratory of Civil Engineering (Silesian University of
Technology).

CONTROLS

Fig.3.3.2: Strength tests machine Controls® Model 65-L27C12 Serial nr 12020060, during the
compressive strength test.
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D e R &=

a) b) |

Fig.3.3.3: Metal plates of dimensions 40x40 mm in compressive strength test machine, a) the

bottom plate, b) geopolymer sample after compressive strength test, the bottom and upper
plates are marked with the use of green circle.

3.4 Presentation of results

All values achieved during the mechanical tests are included in tables in the
subsections “Results” in the description of each following test. The standard deviations and
coefficients of variation calculated for the achieved results are given in the separate tables in
the same subsection. The graphical presentation of results and calculated densities are
presented in the subsection “Analysis”. Results achieved during tests and rejected during the
statistical analysis were not included in determination of standard deviations, coefficients of
variation and graphs.

The majority of results achieved during the laboratory tests is presented in the form of
the bar graphs where each bar represents the average value of compressive or flexural
strength. Values given above bars are the average of results from each series. The black
segment on the top of each bar represents respectively: the smallest result from particular
series (the bottom part of the black segment) and the highest result (the upper part).

3.5 Study on CRT glass

Test were done on CRT glass obtained in different time period, coming from different
locations of the same storage scarp and therefore having slightly different granulation of
particles. In the view of the above, the short test checking the convergence of results has been
done before continuation of works on CRT glass from the next batch. Two tests were repeated
using geopolymer with CRT glass from different batches. Table X1 shows results of flexural
and compressive strength performed on samples containing CRT glass from three different
batches (CRT glass 1, 2 and 3) cured at different conditions. The first series was cured all the
time at the room temperature (~20°C) and unmolded after 7 days of curing. For the whole
curing time, samples were placed in moulds and covered (protected against drying). The
second series was cured for the first 24 hours at elevated temperature of 40°C and humidity
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equal to 40%, then unmolded and kept at the room temperature (~20°C, without any cover),
for the rest of the curing period. Strength tests were performed after 7 days. In the case of
geopolymer made of CRT glass from batches no 1 and no 2, three samples were subjected to
flexural strength test and six samples were subjected to compressive strength test. In the case
of geopolymer made of CRT glass from batch no 3, four samples were subjected to flexural
strength test and eight to compressive strength test. Table 3.5.1 contains all flexural and
compressive strength results, Table 3.5.2 contains standard deviations and coefficients of
variation.

Table 3.5.1: Flexural (fx) and compressive (f) strength results.

Mixture Curing No. 1 No. 2 No. 3 No. 4
temperature
fx [MPa] 5,61 4,13 4,61 -
20°C 41,92 50,96 42,45 -
fc [MPa]
57,04 54,66 52,41 -
CRT glass 1
fx [MPa] 4,82 6,30 5,92 -
40°C 56:009* 50,18 52,27 -
fc [MPa]
51,49 50,42 51,19 -
fx [MPa] 4,42 4,90 4,05 -
20°C 55,42 52,27 55,40 -
fc [MPa]
52,86 53,99 57,38 -
CRT glass 2
fx [MPa] 5,55 6,25 6,56 -
40°C 51,63 56,24 53,52 -
fc [MPa]
57,24 52,32 53,16 -
fx [MPa] 3,51 3,94 4,93 6,30
CRT glass 3 20°C  vpal 51,60 53,21 53,53 51,58
c d
54,44 52,90 55,07 AL05*

" Result was rejected on the basis of statistical method - elimination of one extreme value.

Table 3.5.2: Standard deviation and coefficient of variation of flexural and compressive
strength results.

Standard deviation [-] CRT glass 1 CRT glass 2 CRT glass 3
(CoV [%]) 20°C 40°C 20°C 40°C 20°C
Flexural strength 0,75 0,77 0,42 0,52 1,24
(15,8%) | (13,5%) | (9,5%) | (8,5%) | (26,5%)
6,33 0,84 1,89 2,23 1,32

Compressive strength

(12,7%) | (1,6%) | (3,5%) | (4,1%) |  (2,5%)

The average values of flexural and compressive strength of geopolymer with CRT glass
taken from different batches are presented in Figure 3.5.1.
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Fig.3.5.1: Seventh day flexural and compressive strength of geopolymer containing CRT glass
from three different batches, cured at 20°C or at 40°C.

The divergences between results obtained by geopolymer containing CRT glass from
different batches (CRT glass 1, 2 and 3) were relatively small. Respectively to the graph, the
maximal divergence in the average flexural strength was equal to 7,0%, and in compressive
strength — 9,4%. On the base of presented test it was assumed that results in the further parts
of this Thesis obtained by geopolymers containing glass from different batches can be
compared with each other.

3.6 Mechanical behavior of geopolymer with CRT glass and geopolymer with sand

The main goal of the test was to compare the flexural and compressive strength of
metakaolin-based geopolymer with two different types of aggregate — CRT glass and
standardized natural sand. Sand is usually used as fine aggregate in geopolymer mixtures [39],
[73], [83], [97], [308], [317]-[321] and therefore, during the preliminary investigation, the
Author decided to assess if there is a significant difference in mechanical behavior between
samples prepared with the use of sand and CRT glass. Standardized sand (with accordance to
standard EN 196-1:2016 [316]) was delivered by the Polish company Kwarcmix®. Samples
contained aggregate to metakaolin in mass ratio 1:1, were activated with sodium silicate and
sodium hydroxide of concentration 10 mol/L, were cured at room temperature and
demoulded after 7 days of curing. The aggregate type was the only varying factor. The
composition of the mixtures is given in Table 3.6.1 below.

Table 3.6.1: Mixture composition.

Mixture Metakaolin | CRT glass Sand | Sodium silicate | Sodium hydroxide
CRT glass | [kg/m?] 898 898 0 449 225
Sand [kg/m3] 898 0 898 449 225
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No external difference between samples containing CRT glass and sand was noticed
(Figure 3.6.1). There was no difference in color of surface between samples with CRT glass and
sand. The brighter surface of samples containing sand is connected in that case with different
color of background what influenced the internal settings in the camera.

a)

Fig.3.6.1: a) Samples with CRT glass aggregate, b) samples with sand aggregate.

Table 3.6.2 contains all results of flexural and compressive strength tests. In case of
samples containing CRT glass, the average values from 5 tests carried out at different time are
given. Inturn, in the case of geopolymer with sand, five samples were prepared and subjected
to the strength test.

Table 3.6.2: Flexural (fx) and compressive (fc) strength results.

Sample No.1 | No.2 | No.3 | No.4 | No.5

fx [MPa] 6,0 4,6 4,7 4,5 4,6
fc [MPa] 56,0 | 52,2 | 53,2 | 54,6 | 59,6
fx [MPa] 6,27 | 7,36 | 6,70 | 6,49 | 6,43
Sand £ (Mpal 46,44 | 54,66 | 55,86 | 58,13 | 58,06
65,25 | 55,76 | 54,53 | 52,56 | 56,89

CRT glass

Figure 3.6.2 presents comparison of cross sections of samples containing CRT glass and
sand. In the Figure 3.6.2 a) there are visible CRT grains, while in Figure 3.6.2 b), there are visible
sand grains. The number of visible, in macroscopic way, air pores are similar in both cross-
sections.
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Fig.3.6.2: Cross section of sample containing a) CRT glass, b) sand.

Figure 3.6.3 presents flexural and compressive strength obtained by geopolymer
containing CRT glass or sand.

m Compressive strength

70.0 m Flexural strength

65,0
60,0
55,0
50,0
45,0
40,0
35,0
30,0
25,0
20,0
15,0
10,0

5,0

0.0

55,8
55,1

Strength [MPa]

4,9 6,7

CRT glass Sand
Type of an aggregate
Fig.3.6.3: Flexural and compressive strength of samples containing CRT glass or sand cured for
7 days.

Samples containing CRT glass achieved 27% smaller flexural strength than samples with
sand aggregate. Compressive strength of both types of geopolymer was almost the same.
Table 3.6.3 contains the average density of samples containing CRT glass or sand aggregate.
According to the result, geopolymer with CRT glass aggregate is slightly (less than 1,5%)
heavier than geopolymer with sand aggregate.
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Table 3.6.3: Average density of geopolymer containing CRT glass or sand.

CRT glass Sand
Density [kg/m3] 2050 2020

Compressive strength results obtained within this Thesis are divergent with results
presented in the literature concerning replacement of sand with CRT glass in geopolymer or
concrete. According to the average values from this Thesis, the compressive strength of
geopolymer with CRT glass is almost equal to compressive strength of samples with sand while
the literature reports the significant decrease [283], [285], [286], [308], [322], [323] or
considerable increase [275], [276], [324] of compressive strength along with the replacement
of sand with CRT glass. The smaller value of flexural strength of geopolymer with CRT glass is
convergent with some studies although differences between strength reported by other
scientists are considerably higher [283] or lower [285], [286] than the one obtained within this
Thesis. Scientists who compared density of geopolymer with different kind of aggregate report
higher density when CRT glass is used. The same observation was made by the Author
although the difference noticed within this Thesis (1,5%) is much smaller than difference
reported in other publications (8-14%) [283], [324].

Concluding, according to the results presented in this Thesis, the replacement of sand
with CRT glass does not lead to the decrease of compressive strength. Flexural strength was
decreased but its value is still high. Geopolymer with CRT glass has good mechanical
characteristics even in comparison to the geopolymer containing sand.

3.7 Determination of the influence of CRT glass content on mechanical behavior

3.7.1 Preparation of samples

This part of the research was devoted to determination of the influence of content of
aggregate (crushed CRT glass) on flexural and compressive strength of metakaolin-based
geopolymer. At the beginning of tests author tried to prepare samples using only CRT glass to
check if the amount of powder size particles is enough to react with activators. All trials were
unsuccessful —the samples did not show any signs of hardening within 7 days.

Eight mixtures with different aggregate to precursor mass ratio were designed. All
mixtures were prepared according to the procedure described in subsection “3.3 Research
Methods”. The amount of activator was dosed so that to maintain approximately similar
metakaolin to activator mass ratio. Some mixtures were more water demanded what implied
adding an extra amount of activator during the mixing what caused inaccuracy in keeping
metakaolin to activator ratio stable in all cases. The exact composition of each of preliminary
mixtures is given in Table 3.7.1. Table contains the amount of each ingredient (in [kg/m3]) and
the percentage contribution of each ingredient. The abbreviation M/G X/Y was used for
mixture containing X mass percentage content of metakaolin (M) and Y mass percentage
content of CRT glass (G), where 100% is the overall mass of metakaolin and CRT glass in one
mixture. As an example, the mixture M/G 33/67 contains 33% of the metakaolin and 67% of
CRT glass by mass. The solution of the sodium hydroxide with concentration of 10 mol/L was
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used. Sodium silicate to sodium hydroxide ratio was equal to 2,0 and was kept constant in all
mixtures.

Table 3.7.1: Mixtures compositions.

_ | rT | sodium | sodium |si/al | Najar | 20/ | Water
Mixture Metakaolin . . Na,O | content
glass | silicate | hydroxide | [-] [-]

[ | wt (%)
M kg/m? 524 | 1572 | 314 157

/G | le/m’] 1,40| 0,55 | 14,56 | 31
25/75 (%] 204 | 613 | 122 | 61
ke/m? 657 | 1335| 365 182

M/G | [ke/m’] 137| 0,51 |14,55| 30
33/67 (%] 259 | 526 | 144 | 72
M ke/m’ 755 | 1133 | 417 | 208

/G | le/m’] 1,37| 0,50 |14,55| 30
40/60 (%] 301 |451| 166 | 83
ke/m’ 808 | 898 | 449 | 225

M/G | lke/m’] 1,34| 0,46 | 14,54| 28
50/50 (%] 364 |364| 182 | 91
ke/m? 995 | 663 | 521 | 260

M/G | [ke/m’] 1,36| 0,48 |14,55| 29
60/40 (%] 408 | 272 | 214 | 107
ke/m’ | 1037 | 510 | 553 | 276

M/G | [ke/m’] 136| 0,49 |1455| 29
67/33 (%] 436 | 215 | 233 | 116
M/G | lke/m] | 1078 | 359 | 586 | 293

/ Lkg/m’] 1,37| 0,48 | 14,44| 29
75/25 (%] 465 | 155 | 253 | 12,6
kg/m’ | 1083 0 | 675 | 337

M/G | lke/m’] 1,41 0,57 | 14,56 | 32
100/0 (%] 51,7 0 32,2 16,1

It was observed that workability of mixture decreases with the increase of CRT glass
content. Three samples were made of each mixture. The moulds were covered to prevent
moisture escape and placed in the climatic chamber at the temperature 60°C and humidity
40% for the initial 24 hours of curing. After this time, hardened samples were unmolded,
weighed and kept at the room temperature in the laboratory for the next 6 days. Strength
tests were performed after 7 days since casting. The Author decided to cure samples at the
beginning of the preliminary research at 60°C for several reasons. Curing at 60°C for the first
24 hours or shorter is commonly chosen conditions by the other scientists [75], [80], [93],
[325] [317]. Many scientists report that curing at elevated temperature enhances strength
[28], [326]—[329]. Additionally, there is significant amount of researches which prove that the
increase of the curing temperature to 60°C gives the best results of strength or that the profit
in further increase of the temperature is relatively low [101], [102], [326], [327], [330].
Besides, the previous works of the Author were carried on geopolymers cured at 60°C for the
first 24 hours [199], [331]-[333]. Beginning of works on metakaolin-based geopolymer with
CRT glass cured in the same conditions allowed for comparison of results. Samples were kept
in elevated temperature for 24 hours because it is reported that the most rapid increase of
strength of samples cured at 60°C is up to 24 hours of curing [28].

The humidity equal to 40% was chosen because during the investigations done
previously by the Author ([199], [331]-[333]), samples were kept in the climatic chamber at
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the same humidity and none of them were affected by any cracks or extensive shrinkage.
Therefore, it was decided to keep geopolymer samples investigated in the following research
also in humidity 40%.

The Author decided to test samples after 7 days of curing since many previously
conducted works proves that at this time geopolymer achieves a significant percentage of final
strength. Rovnanik [334] observed that samples cured at 60°C achieved the highest
compressive strength after 7 days of curing. Ekaputri et al. [101] reports 85% of final strength
after 7 days and the most rapid increase of strength during the first 7 days of curing. Long et
al. [307] reports that after 7 days geopolymer achieves 70-80% and 65-75% of final flexural
and compressive strength respectively. Moncea et al. [335] describes 90-100% or 80-83% of
90™" days compressive strength and 95-100% or 95-115% of 28™ day compressive strength.
Ogundiran et al. [105] observed that 70-80% of 28™ day strength is achieved after 7 days of
curing.

After 7 days samples were measured, weighed (see Figure 3.7.1) and subjected to
flexural and compressive strength tests according to the procedure described in subsection
“3.3 Research Methods”. Three beams from each mixture were subjected to the flexural
strength test, then, six halves were subjected to the compressive strength test. Figure 3.7.2
presents samples during the flexural and compressive strength tests.

c)

a)
Fig.3.7.1: a) Metakaolin-based geopolymer samples with CRT glass, b) weighing of sample,
c) measuring of sample’s cross-section dimensions.
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Fig.3.7.2: Sample from series M/G 50/50, after a) flexural strength test b) compressive
strength test.

3.7.2 Results

All results achieved during the flexural and compressive strength tests are presented
in Table 3.7.2.

Table 3.7.2: Flexural (fx) and compressive (fc) strength results.

Mixture No. 1 No. 2 No. 3 No.4 | No.5 No. 6 fu/fe
M/G | f.[MPa] 5,20 5,17 4,59 - - - 0.106
25/75 | f.[MPa] | 48,65 | 50,86 | 46,65 | 49,94 | 42,70 | 44,35 ’
M/G | f«[MPa] | 4,32 4,88 4,62 - - - 0.096
33/67 | f.[MPa] | 44,73 | 51,14 | 47,18 | 49,54 | 48,58 | 47,36 |
M/G | f.[MPa] 6,31 5,67 5,25 - - - 0123
40/60 | f.[MPa] | 51,65 48,88 40,98 46,25 44,48 48,50 ’
M/G | f«[MPa] 6,63 5,93 5,98 - - - 0123
50/50 | f.[MPa] | 53,93 54,13 52,01 48,92 49,12 42,69 ’
M/G | f«[MPa] 5,99 5,96 5,31 - - - 0118
60/40 | f.[MPa] | 50,10 | 51,20 | 46,54 | 46,17 | 50,56 | 47,24 |
M/G | f«[MPa] 4,33 3,34 3,03 - i - - 0.072
67/33 | f.[MPa] | 50,68 | 48,20 47,74 | 2465 49,67 52,72 ’
M/G | f«[MPa] 5,84 5,48 4,76 - - - 0.129
75/25 | f.[MPa] | 41,77 35,09 45,90 37,44 49,04 | 40,65 ’
M/G | f«[MPa] 5,60 4,87 6,50 - - - 0.118
100/0 | f.[mPa] | 37,43 46,69 50,12 48,69 55,34 48,80 ’

“Result was rejected on the basis of statistical method - elimination of one extreme value.
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Generally, the differences between results (both flexural and compressive strength)
obtained by samples containing different CRT glass content were small. No strict dependence
between CRT glass content and mechanical behavior was noticed at this stage. All flexural and
compressive strength results were relatively high.

Table 3.7.3 contains standard deviations and coefficients of variation of flexural and
compressive strength results presented in Table 3.7.2. There is not monotonic dependence
between CRT glass content and stability of results. Results of samples containing 75% and
100% of metakaolin are characterized by higher coefficient of variation than other samples.

Table 3.7.3: Standard deviation and coefficient of variation (CoV) of flexural and compressive
strength results.

Standard deviation[-] | M/G | M/G | M/G | M/G | M/G | M/G M/G M/G

(CoV [%]) 27/75 | 33/67 | 40/60 | 50/50 | 60/40 | 67/33 | 75/25 | 100/0

034 | 0,28 | 0,53 | 0,39 | 0,39 | 0,68 0,55 0,82
(6,9) | (6,1) | (9,3) | (6,3) | (6,7) | (19,0) | (10,3) | (14,5)
3,21 2,20 3,75 4,29 2,23 2,01 5,19 5,88
(6,8) | (4,6) | (80) | (85) | (46) | (40) | (12,5) | (12,3)

Flexural strength

Compressive strength

Samples containing more metakaolin (and consequently less CRT glass) were
destroyed more abruptly both during the flexural and compressive strength test. During
flexural strength test, the halves of beams containing the metakaolin only (series M/G 100/0),
were abruptly falling apart in the moment of failure with a resonant tone. Along with the
increasing content of CRT glass, the destruction moment was appearing less rapidly. Samples
containing less metakaolin and more CRT glass were only cracked after flexural strength test.
In several cases, samples had to be additionally broken to obtain separate halves before
compressive strength test. The comparison of two different samples only after flexural
strength tests is presented in Figure 3.7.3.

Fig.3.7.3: a) Sample with high CRT glass content (from series M/G 40/60), b) sample with low
CRT glass content (from series M/G 75/25).

Similar dependence between CRT glass content and the character of destruction was
visible during compressive strength test. In case of samples containing metakaolin only, during
the moment of failure, the large pieces of material were being flaked off with the resonant
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sound. The material was brittle. The small fragment of sample in the shape of double cone
remained on the plate of the machine after the moment of failure (Figure 3.7.4 a). In case of
samples containing CRT glass, the parts of samples were not being flaked off during the test
or were flaked off less abruptly. In the majority of tests, the whole sample was still withing the
steel plates after the moment of failure (Figure 3.7.4 b and c).

Fig.3.7.4: Sample after compressive strength test a) sample without CRT glass (only
metakaolin), b) sample from series M/G 50/50 (metakaolin to CRT glass mass ratio equal to
1:1), c) sample from series M/G 25/75 (metakaolin to CRT glass mass ratio equal to 1:3).

Figure 3.7.5 presents the cross section through the broken sample without CRT glass
(M/G 100/0) and containing 50% of CRT glass (M/G 50/50). The surface of broken samples
containing metakolin only was smooth, although the small voids of air could be visible. The
surface of sample containing CRT glass was rough, the evenly distributed glass particles were
visible with the unaided eye.

a)
Fig.3.7.5: The surface of a broken sample a) without CRT glass (series M/G 100/0), b) with CRT
glass (series M/G 40/60).

58



3.7.3 Analysis

The results of the preliminary tests are presented in Figure 3.7.6. Each bar represents
average value of compressive or flexural strength obtained by samples from particular
mixture.
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Fig.3.7.6: Seventh days compressive and flexural strength of geopolymer made of mixtures
containing different metakaolin to CRT glass mass ratio.

7.8

Strength after 7 days [MPa]

No significant dependence between CRT glass content and strength was observed. The
average values of the flexural strength ranged from 3,6 MPa (series M/G 67/33) to 6,2 MPa
(series M/G 50/50) while average values of compressive strength ranged from 41,6 MPa
(series M/G 75/25) to 50,1 MPa (series M/G 50/50). Generally, samples from all series
achieved high compressive strength and good flexural strength. The highest strength (both
flexural and compressive) obtained samples from mixture M/G 50/50 (containing 50% of CRT
glass). Based on coefficient of variations calculated for obtained results it was observed, that
the smallest stability of flexural strength results had samples made of mixtures M/G 67/33
and M/G 100/0 while in case of compressive strength the biggest variability had samples made
of mixture M/G 75/25 and M/G 100/0. No correlation between stability of flexural strength
results and stability of compressive strength results was observed. Neither, no strict
dependence between CRT glass content and stability of results was noticed.

Figure 3.7.7 presents the graphical interpretation of f/f. ratio for samples made from
each mixture.
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Fig.3.7.7: The fy/f. ratio of geopolymer with different CRT glass content.

The f,/f. ratio varied from about 0,07 to 0,13 but the majority of values fluctuated
around 0,12. No clear dependence between CRT glass content and fy/f. ratio was noticed.
Geopolymer made of mixture M/G 67/33 was characterized by significantly lower value of fy/f.
ratio than others. Samples made of mixture M/G 67/33 achieved the lowest flexural strength
and approximately the same compressive strength in comparison to other samples, what
decreased the fy/f. ratio.

In publication published by Long et al. [307] there is similarly no correlation between
increasing CRT glass content and fy/f. ratio of geopolymer. The fy/fc ratio is approximately
constant and oscillates around 0,25 which is significantly higher value than in this Thesis. In
the scientific literature, there are several examples of introducing CRT glass into the concrete
mixture. Song et al. [286] reports that an increase of CRT glass content does not influence this
fu/fc ratio of hardened concrete which fluctuates around the value 0,12 (similarly like in the
Thesis). No monotonic influence of rising CRT glass content on fy/f. ratio of cement mortar has
been noticed by Liu et al. [285] as well, but, here f/fc values are higher and range from 0,19 to
0,20. Ling et al. [283] used acid treated and untreated CRT glass as a sand replacement in
cement mortar. According to results, no correlation between untreated CRT glass content and
fi/fc ratio has been found. The majority of values oscillated around 0,16 which is slightly higher
result than in this Thesis. In the case of treated CRT glass, fi«/fc ratio decreased along with
increase of CRT glass content from 0,16 to 0,13. This magnitude is more similar to values
obtained within Thesis.

Each sample was weighed twice — after demolding (24 hours since casting) and before
testing. Additionally, before testing each sample was measured. The density of geopolymer
was determined by division of sample’s weight by its volume. Table 3.7.4 contains the average
density from each series of samples and the average mass loss (expressed in %) which was
determined by the subtraction of mass of each sample after demolding and before the test.
The mass loss describes changes inside geopolymer only during the curing process at the room
temperature (outside the climatic chamber).

The density of geopolymer is decreasing with the decrease od CRT glass content what
is natural since the bulk density of CRT glass is higher than the bulk density of metakaolin.
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Comparing conterminous values in Table 3.7.4, the biggest difference in average density
(190 kg/m?3) was observed between samples containing 25% of CRT glass (M/G 75/25) and
samples containing no CRT glass (M/G 100/0). Despite the high density of CRT glass, the big
difference in density of samples without CRT glass and the rest of samples is probably caused
by the fact that this series had biggest water content (32%). The water is evaporating during
the curing process what is shown also by the biggest mass loss.

Table 3.7.4: Average density and mass loss of geopolymer samples made of each mixture.
M/G | M/G | M/G | M/G | M/G | M/G | M/G | M/G
25/75 | 33/67 | 40/60 | 50/50 | 60/40 | 67/33 | 75/25 | 100/0
Density [kg/m3] 2090 | 1960 | 1940 | 1920 | 1770 | 1720 | 1690 | 1500
Mass loss [%] 5,6 6,5 4,8 5,8 6,5 10,3 7,1 12,5

Described test has not shown monotonic dependence between CRT glass content and
mechanical behavior but samples made of some mixtures had better mechanical
characteristics than the other ones. Author decided to continue works on material showing
the best mechanical performance as well as on the material containing the most of CRT glass
since the utilization of that waste is the main goal of this Thesis. Four mixtures were chosen
for further test: M/G 25/75; M/G 33/67; M/G 50/50 and M/G 60/40. Two first mixtures were
chosen because of good strength results combined with high content of CRT glass which
utilization is the main goal of the works presented in Thesis. Samples made of mixture
M/G 50/50 had the highest flexural and compressive strength. Samples made of mixture
M/G 60/40 obtained high and stable results.

3.8 Determination of the influence of curing temperature on mechanical behavior

3.8.1 Preparation of samples

In the second phase of the research, the influence of the curing temperature on the
mechanical behavior was examined on samples made of four previously chosen mixtures:
M/G 25/75; M/G 33/67; M/G 50/50 and M/G 60/40. The goal of the test was to determine the
influence of curing temperature on mechanical behavior and to choose the optimal curing
temperature for further tests. The exact composition of the mixtures is given in Table 3.7.1
(subsection “3.7.1 Preparation of samples”). The simplified version of the composition is given
in Table 3.8.1 below.

Table 3.8.1: Mixtures compositions.

Mixture Metakaolin | CRT glass | Sodium silicate Sodium hydroxide
M/G 25/75 [kg/m?] 524 1572 314 157
M/G 33/67 [kg/m’] 657 1335 365 182
M/G 50/50 [kg/m’] 898 898 449 225
M/G 60/40 [kg/m’] 995 663 521 260
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Three prismatic samples were made of each mixture. All moulds were covered.
Samples were cured in four different conditions. Two batches were cured all the time at the
room temperature (~20°C) but the first was demoulded after 24 hours and the second one
was kept in moulds until the strength tests (for 7 days). Third batch was cured for the first
24 hours in climatic chamber at temperature 40°C and humidity 40%. Forth batch was cured
for the first 24 hours in climatic chamber at temperature 60°C and humidity 40%. After
24 hours samples from batch three and four were unmolded and kept at room temperature
for the next 6 days.

The Author decided to choose curing temperatures equal to 20, 40 and 60°C since
assorting the curing temperatures every 20°C is widely used among the scientists [75], [101],
[102], [110], [327], [334]. The 60°C was established as the highest curing temperature since,
according to reports included in the literature, the further increase of the curing temperature
leads to the decrease of the strength of the hardened material [75], [102], [326], [327], [336].
According to some sources, the increase of the curing temperature above the 60°C leads to
small (less than 10%) [28], [334] or negligible (1-2%) [101] increase of strength. The 20°C
(ambient temperature) was chosen as the lowest curing temperature since it is economically
efficient to cure samples at the laboratory conditions. Moreover, it is reported that
geopolymer cured at lower temperature needs special treatment, gains the strength slowly
and cannot be unmolded earlier than after 7 days [334].

Process of curing of samples inside climatic chamber is presented in Figure 3.8.1. Three
beams from each mixture were subjected to flexural strength test, then, six halves were
subjected to the compressive strength test.

IR |
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Fig.3.8.1: a) Climatic chamber, b) samples cured inside the climatic chamber.
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Only after unmolding, geopolymer had dark grey color which turned into the light gray
with the time. The difference in color of the surface is presented in Figure 3.8.2.

a)
Fig.3.8.2: Comparison of differences in color of the surface of the same sample a) only after
unmolding, b) after 7 days of curing.

Samples cured at elevated temperatures for the first 24 hours and samples cured at
the room temperature and unmolded just before the tests were not affected by any cracks.
The surface was plain and covered only with some air cavities (see Figure 3.8.3 and Figure
3.8.4 b) ). However, samples cured at the room temperature and demoulded after 24 hours
were affected by visible cracks after 7 days (see Figure 3.8.4 a) and Figure 3.8.5). Small, shallow
cracks started appearing within an hour after unmolding. After 7 days all surfaces which had
a contact with the air were cracked (see Figure 3.8.5). The only uncracked surface was the
bottom of the prisms. The network of cracks was relatively shallow. No visible cracks inside
broken beams were observed. The possible reason of registered situation was an extensive
shrinkage of samples which were unmolded too early. The water in geopolymer material is
essential to achieve the proper workability of the mixture and to enable the destruction of
solid particles but is not incorporated directly in the final hardened geopolymer gel. As a result,
there is an excess of unbound water [81], [337]. The rapid contact with the air can cause the
evaporation of the moisture at least from the external surfaces of the geopolymer prisms.
Because of the extensive shrinkage, the network of cracks appeared on surfaces which had
the contact with the air. Creation of cracks is explained by high capillary pressures which take
place between dry and wet areas inside the network of micropores. The shrinkage can be
controlled by proper curing conditions and/or adjusting Na/Al and Si/Al ratio. Na/Al ratio is
crucial if shrinkage is affected by loss of Na* spheres of hydration. Si/Al ratio in turn, can be
crucial for the relative number of AlO4” sites inside the structure [81]. The investigation of the
shrinkage affecting the geopolymer is out of the scope of this Thesis. That topic will be
explored in the future.

To withdraw the problem of drying and cracking, lot of scientists report keeping
geopolymer samples inside moulds until the testing when the curing takes place at the room
temperature [74], [89], [101], [327]. Alternatively, samples can be unmolded and kept in
hermetic conditions for example in sealed plastic bags [90] or in high humidity (>95%) [39].

Surface of samples cured at 20°C and demoulded after 7 days was darker than surface
of samples demolded after 24 hours, especially than surface of samples cured at elevated
temperature for the first 24 hours (compare Figure 3.8.4 b) and Figure 3.8.3 a) and b) ).
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Fig.3.8.3: Uncracked side surface of samples cured at a) 60°C (M/G 50/50) and b) 40°C
(M/G 60/40). Photos made after 7 days of curing. There was no significant difference in color
between samples. The difference visible in photos is caused by the difference in lighting.

a) b)

Fig.3.8.4: a) Cracked side surface of samples cured at 20°C and demoulded after 24 hours
(M/G 50/50) b) uncracked side surface of samples cured at 20°C and demoulded after 7 days
(M/G 60/40). Photos made after 7 days of curing.

a) b) c

)
Fig.3.8.5: Samples cured at 20°C and demoulded after 24 hours (M/G 60/40): a) upper surface,
b) side surface, c) bottom surface. Photos made after 7 days of curing.
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3.8.2 Results

Table 3.8.2 contains the results achieved during the flexural and compressive strength
tests.

Table 3.8.2: Flexural (fx) and compressive (fc) strength results.

Mixture No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 fy/fe

fMPa] | 3,12 | 3,31 | 3,66 A - -

20°C (2) 0,062
fc[MPa] | 51,96 | 49,94 | 56,07 | 54,63 | 56,05 | 55,08
M fIMpal | 422 | 427 | 437 | - i i
/G | e ExIMPal | 4, ' 3 0,083
25/75 fe[MPa] | 50,55 | 52,00 | 49,75 | 54,91 | 50,70 | 52,51
f [P 2 17 | 4 i i i
c0°C [MPa] | 5,20 5, ,59 0,106

f.[MPa] | 48,65 | 50,86 | 46,65 | 49,94 | 42,70 | 44,35

fx[MPa] | 2,59 3,13 2,36 - - -
20°C (1) 0,085
f.[MPa] | 27,64 | 31,40 | 31,10 | 30,53 | 36,65 | 33,58

f [Mpa] | 4,64 | 5,58 | 5,13 - - -
20°C (2) 0,107
M/G f.[MPa] | 44,75 | 44,97 | 44,10 | 42,83 | 52,38 | 58,09

33/67 f«[MPa] | 5,32 5,40 5,39 - - -
40°C 0,122
f.[MPa] | 43,34 | 40,41 | 45,73 | 47,46 | 38,61 | 48,58

fx[MPa] | 4,32 4,88 4,62 - - -
60°C 0,096
f.[MPa] | 44,73 | 51,14 | 47,18 | 49,54 | 48,58 | 47,36

f« [MPa] 2,82 2,07 3,95 - - -
20°C (1) 0,070
fo.[MPa] | 39,99 | 43,47 | 45,75 | 37,34 | 48,86 | 37,46

f[MPa] | 5,61 4,13 4,61 - - -

20°C (2) 0,096
M/G f.[MPa] | 41,92 | 57,04 | 50,96 | 54,66 | 42,45 | 52,41
50/50 fo[MPa] | 4,82 | 6,30 | 5,92 - - -
40°C - 0,111
f.[MPa] | 56:98* | 51,49 | 50,18 | 50,42 | 52,27 | 51,19
fMPa] | 6,63 | 593 | 5,98 - - -
60°C 0,123

fe[MPa] | 53,93 | 54,13 | 52,01 | 48,92 | 49,12 | 42,69

f[MPa] | 2,51 3,21 2,80 - - -
20°C (1) 0,075
fe[MPa] | 39,15 | 39,41 | 36,38 | 34,94 | 42,08 | 36,15

f [MPal | 4,19 | 3,82 | 3,29 - - -
20°C (2) 0,077
M/G f.[MPa] | 39,57 | 50,38 | 51,46 | 55,86 | 45,43 | 49,96

60/40 . fx [MPa] 4,91 4,88 50,6 - - -
40°C 0,112
fc[MPa] | 45,50 43,00 38,51 43,10 47,07 48,96
fx [MPa] 5,99 5,96 5,31 - - -
60°C 0,118
fc[MPa] | 50,10 51,20 46,54 46,17 50,56 47,24

" Result was rejected on the basis of statistical method - elimination of one extreme value.

Symbols used in the Table 3.8.2 indicates respectively: 20°C (1) — geopolymer cured at
the room temperature and unmolded after 24 hours; 20°C (2) geopolymer cured at the room
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temperature and unmolded after 7 days; 40°C — geopolymer cured at 40°C for the first
24 hours then unmolded and cured at the room temperature; 60°C — geopolymer cured at
60°C for the first 24 hours then unmolded and cured at the room temperature.

Samples from series 20°C (1) were repetitively characterized by significantly lower
flexural and compressive strength than the rest of samples. Samples cured at elevated
temperatures obtained rather high strength results.

Standard deviations and coefficients of variation of flexural and compressive strength
results which were presented in Table 3.8.3 are shown in Table 3.8.3. Flexural strength results
of samples cured at 20°C and demoulded after 24 hours had the highest coefficient of
variation. In turn, among the compressive strength results, the least stable values were
achieved by samples cured at 20°C and demoulded after 7 days. Samples cured at elevated
temperatures have shown generally more stable results than samples cured at ambient
temperature. This dependence is probably caused by the fact that after 7 days the chemical
process inside samples cured at ambient temperature is not fully finished and the strength is
less developed than in samples cured at elevated temperatures which gains strength more
rapidly [327], [334], [338].

Table 3.8.3: Standard deviation and coefficient of variation of flexural and compressive
strength results.

Standard deviation [-]

(CoV [%]) 20°C (1) | 20°C(2) 40°C 60°C
0,27 0,08 0,34
< M/G 25/75 - (8,1) (1.8) (6,9)
5l oweme | 00 00 BSOS
Z?‘: M/G 50/50 on | aem | me | €9
) M/G 60/40 o | aie | oo | €2
g e | e | 68 | 69
Bl wesye 00 | a2 | o0 | e

2
S| wesoso | | | de | e
3| weem | B | 2m 08 | e

Samples cured at 20°C and demoulded after 7 days of curing (series 20°C (2)) were
characterized with less brittle way of failure (see Figure 3.8.6 a)) than samples cured at
elevated temperature for the first 24 hours (Figure 3.8.6 b)). The crack appearing after flexural
strength test was wider and more visible in samples cured at elevated temperature. No
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significant difference was noticed between the failure of samples cured at 40°C and 60°C for
the first 24 hours.

a)
Fig.3.8.6: The beam after flexural strength test. Samples containing metakaolin to glass in
mass ratio (M/G 50/50): a) series 20°C (2), b) series 60°C. There is visible the difference in color
between picture a) and b). The color of samples cured at 20°C was darker than of samples
cured at 60°C.

3.8.3 Analysis

Results of the second part of the preliminary tests are presented in Figure 3.8.7 and
Figure 3.8.8. Each bar represents average value of compressive or flexural strength obtained
by samples from particular mixture and subjected to different curing conditions.

020°C (1) m20°C (2) m40°C m60°C

7,0 6,2
6,5 57
6,0 48
55 3154

50 4.6
4,5
4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

2,9

Flexural strength after 7 days [MPa]

M/G 25/75 M/G 33/67 M/G 50/50 M/G 60/40
Metakaolin (M) to CRT glass (G) mass ratio

Fig.3.8.7: Seventh days flexural strength of geopolymer made of mixtures containing different
metakaolin to CRT glass mass ratio and cured in different conditions.

According to the results, flexural strength increases with the increase of curing
temperature (the increase is monotonic and linear excluding samples cured at 20°C and
demoulded after 24 hours which obtained unequivocally the lowest strength, significantly
lower than the other samples). These samples had network of cracks on their surface. The
only exception are samples made of mixture M/G 33/67 cured at 60°C which obtained smaller

67



results than samples cured at 20°C (2) and 40°C. The highest value of flexural strength
(6,2 MPa) obtained geopolymer made of mixture M/G 50/50 cured at 60°C. Generally,
samples made of this mixture achieved the highest values of flexural strength in comparison
to samples made of other mixtures and cured at the same conditions. The only exception was
samples from series M/G 50/50 cured at 20°C (2) which had smaller strength than specimens
made of mixture M/G 33/67 cured at the same conditions.

Generally, the least stable (characterized by the highest coefficient of variation) were
results of geopolymer cured at 20°C and demoulded after 24 hours. It can be explained by
cracks which affected samples at different levels. No other direct dependence between the
curing regime and stability of flexural strength results has been noticed.

Figure 3.8.8 presents results of compressive strength of geopolymer samples cured at
different conditions.

020°C (1) m20°C (2) m40°C m60°C
65,0
60,0
5.0 94,0517
50,0
45,0
40,0
35,0
30,0
25,0
20,0
15,0
10,0

2
[}

o
o

Compressive strength after 7 days [MPa]

M/G 25/75 M/G 33/67 M/G 50/50 M/G 60/40
Metakaolin (M) to CRT glass (G) mass ratio

Fig.3.8.8: Seventh days compressive strength of geopolymer made of mixtures containing
different metakaolin to CRT glass mass ratio and cured in different conditions.

Geopolymer cured at the room temperature and demoulded after 24 hours (20°C (1))
obtained considerably the lowest compressive strength and is excluded from most of the
further comparisons. The dependences between curing temperature and compressive
strength are less direct than in case of flexural strength. Compressive strength of samples
made of mixture M/G 25/75 decreases with the increase of the curing temperature. Samples
made of mixture M/G 33/67 and cured at 20°C (2) had higher strength than samples cured at
40°C but slightly lower than those one cured at 60°C. In case of geopolymer M/G 50/50 all
achieved compressive strengths were very close to each other save for the results obtained
from samples cured at 20°C (1). The highest and most stable values of compressive strength
in the case of this mixture were obtained by samples cured at 40°C. Geopolymer prepared
from the last mixture M/G 60/40 exhibited the highest strength while cured at 20°C (2) and
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lowest while cured at 40°C (excluding samples cured at the room temperature and demoulded
after 24 hours). Generally, all results of compressive strength are more or less similar to each
other. Compressive strengths of samples made of mixtures M/G 33/67 and M/G 60/40 and
cured at 40°C constitute a major deviation from the rest of results. The best compressive
strength (54,0 MPa) was obtained by geopolymer M/G 25/75 cured at 20°C (2). Surprisingly,
samples from series 20°C (1) obtained relatively high compressive strength what can be a sign
that shrinkage and cracks affected mostly the surface rather than the interior of prisms.

The lowest coefficient of variation characterizes samples made of mixtures M/G 25/75
and M/G 50/50 cured at 40°C. The least stable results were shown generally by samples from
series 20°C (2).

0,13
——M/G 25/75
0.12 ——M/G 33/67
o 2::; M/G 50/50
o 0,09 ——M/G 60/40
0,08
0,07
0,06

20°C (1) 20°C (2) 40°C 60°C
Curing temperature

Fig.3.8.9: The f/f. ratio of geopolymer of different CRT glass content and cured in different
temperatures.

According to the graph presented in Figure 3.8.9, fy/f. ratio increases along with the
increase of curing temperature. The only exception was fy/f. ratio of geopolymer made of
mixture M/G 33/67 where value obtained after curing at 60°C was smaller than after curing
at 20°C and 40°C. Samples made of mixture M/G 33/67 were the only one not showing the
monotonic increase of flexural strength along with the increase of curing temperature.
Flexural strength achieved by samples M/G 33/67 cured at 60°C was smaller than of samples
cured at 20°C and 40°C. The possible reason could be improper compaction of those samples.
Similarly, as in subsection 3.7.3, no monotonic dependence between CRT glass content and
fy/fc ratio was observed.

An increase of tensile to compressive strength ratio along with the increase of curing
temperature has been noted by Ekaputri et al. [101]. The reported fy/f. ratio is much lower
than in this Thesis and ranges from 0,014 to 0,058 in dependence on the exact composition of
the mixture. According to data published by Rovnanik [334], temperature of curing did not
influence significantly the fy/fc ratio which fluctuates for all specimens around 0,18 and
surpasses values achieved within this Thesis.

All samples (with those one cured at 20°C and demoulded after 7 days being the only
exception) were weighed only after demolding and just before test to obtain mass loss during
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the curing period at the room temperature. Densities of all geopolymers and their mass loses
are presented in Table 3.8.4.

Table 3.8.4: Average density and mass loss of geopolymer samples made of different mixtures
and cured at different conditions.

ool |y | avcw | e | e
M/G 25/75 ] 22_40 2;,170 2;)'5;0
wess/er | S0 | T 0T T
wesoso | 00| 0 Yy
M/G 60/40 12720 19_40 1;990 1;;0

For prisms cured at the same temperature, the density is increasing with the increase
of CRT glass content. Then, comparing geopolymers containing the same amount of CRT glass,
considerably higher density had those one cured at 20°C (2) than geopolymers cured at 40°C
or 60°C. By contrast, difference between density of samples cured at 40°C and 60°C is much
lower (equal to 20 kg/m3 for samples made of all mixtures save for mixture M/G 50/50). In
case of samples made of mixture M/G 50/50 the density of geopolymer cured at 60°C is even
higher than density of geopolymer cured at 40°C. Series cured at 20°C (2) are much heavier
than cured at 20°C (1). Generally, for geopolymer prepared from all mixtures, the greatest
density have those cured at the room temperature and unmolded after 7 days (20°C (2)) since
they had no contact with the air before weighing. For geopolymer cured at 20°C (1) and 40°C,
specimens containing more metakaolin were affected by higher mass loss. In samples made
of mixtures M/G 25/75 and M/G 33/67, the mass loss is increasing with the increase of curing
temperature. By contrast, in prisms made of mixtures M/G 50/50 and M/G 60/40 the mass
loss is lower when curing at 60°C than at 40°C. Even then, series M/G 60/40 cured at 60°C are
lighter than cured at 40°C. Described relations can indicate that the part of important changes
inside geopolymer affecting also its density take place during the first 24 hours of curing
(during this time the mass loss was not measured).

Two mixtures M/G 25/75 and M/G 50/50 were chosen for further tests. Samples made
of mixture M/G 50/50 obtained very high flexural and compressive strength. Samples made
of mixture M/G 25/75 obtained very high compressive strength and good flexural strength.
Moreover, mixture M/G 25/75 had the highest CRT glass content. One curing condition was
chosen for further tests: curing for the first 24 hours at elevated temperature 40°C and then
at the room temperature. The following curing condition was chosen because of higher
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flexural strength of results obtained by geopolymer cured in that way and because of high and
more stable results of compressive strength.

3.9 Determination of the temperature and strength changes over time

3.9.1 Preparation of samples

The main goal of the test was to describe the changes of the temperature inside the
geopolymer sample over time and to determine the influence of the age of geopolymer
samples on mechanical behavior (flexural and compressive strength and density). Research
has been done on samples made of mixtures M/G 25/75 and M/G 50/50 cured for the first
24 hours at 40°C. The composition of mixtures is presented in Table 3.9.1.

Table 3.9.1: Mixtures compositions.

Mixture Metakaolin | CRT glass | Sodium silicate Sodium hydroxide
M/G 25/75 | [kg/m?] 524 1572 314 157
M/G 50/50 | [kg/m] 898 898 449 225

Moulds filled with the mixtures were covered and put into the climatic chamber at
temperature 40°C and humidity 40% for the first 24 hours. Then, samples were unmolded and
kept at the room temperature for the rest of the curing period. Specimens were subjected to
flexural and compressive strength tests after 1, 3, 7, 14 and 28 days. Three beams from each
mixture were subjected to every flexural strength test, then, six halves were subjected to each
compressive strength test.

Besides, the accurate measurement of the mass and dimension changes withing time
was carried out on samples cured for 7 days (see Figure 3.9.1) to determine the dependence
between curing time and mass loss and to observe if dimensions are changing in visible way.
Every day each sample was measured with caliper with accuracy 0,02mm in eleven places
(height in three places, width in three places and length in two places) and weighed. The main
goal was to register the mass loss each following day of curing and the evident change of
dimensions. No change in dimensions was registered what indicated that no evident shrinkage
(which could be measured with a caliper of accuracy 0,02mm) took place. No tendency to
expansion was observed as well.
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Fig.3.9.1: Samples prepared for measurement with use of a caliper.

The temperature measurement inside prismatic samples of dimensions
40x40x160 mm has been done with use of DS thermometers which were attached to the
inside walls of moulds with use of a tape. Thermometers were stabilized in the middle of the
height and width on both ends of each sample subjected to the test (see Figure 3.9.2). Figure
3.9.3 presents form with attached thermometers filled with fresh geopolymer mixture and
form inside the climatic chamber. Temperature was registered in two samples made of each
mixture. Summarizing, the measurement for geopolymer made of particular mixture and
cured at particular conditions has been done with 4 thermometers. Thermometers were
connected with electronic data processing apparatus with use of thin wires (see Figure 3.9.4).
All steel parts of thermometers and wires were protected against fresh mixture. Temperature
was measured since placing the mixture inside the moulds, through all time when samples
were inside climatic chamber, till a few days after removing samples from the moulds.
Simultaneously, the temperature inside climatic chamber was registered.

Fig.3.9.2: Thermometers attached inside the forms.
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Fig.3.9.4: The electronic device for registering of temperature measurement.

3.9.2 Results

Table 3.9.2 includes all flexural and compressive strength tests results. Flexural
strength results seemed not to be dependent on curing time. Samples from series M/G 50/50
achieved rather higher strength values than samples from series M/G 25/75. All results (of
both flexural and compressive strength) were high.

Table 3.9.3 includes standard deviations and coefficients of variation of results
presented in Table 3.9.2. The smallest standard deviation (and coefficient of variation)
characterizes flexural strength results obtained by geopolymer containing 50% of CRT glass
and cured for 28 days. Excluding series cured for 1 day and 28 days, samples containing 75%
of CRT glass had more stable results than samples with 50% of CRT glass. No direct
dependence between curing period and stability of results was observed. No dependence
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between curing time and stability of compressive strength results was observed. The stability
of compressive strength results of samples made of mixture M/G 25/75 and M/G 50/50 were
approximately similar. The most stable results were shown by samples made of mixture
M/G 25/75 and cured for 28 days.

Table 3.9.2: Flexural (fx) and compressive () strength results.

Mixture No.1 | No.2 | No.3 | No.4 | No.5 | No.6 | fy/fc
f«[MPa] | 4,75 4,79 4,00 - - -
1 day 0,096
fc.[MPa] | 50,51 | 46,92 | 44,23 | 48,68 | 49,13 | 41,38
f« [MP 4,93 4,45 4,63 - - -
3 days | MPal 0,093
f.[MPa] | 45,48 | 47,51 | 51,68 | 52,05 | 49,84 | 55,28
M/G f. [MPa 4,22 4,27 4,37 - - -
/ 7 days [ ] 0,083
25/75 f.[MPa] | 50,55 | 52,00 | 49,75 | 54,91 | 50,70 | 52,51
f«[MPa] | 4,61 4,73 5,45 - - -
14 days 0,101
f.[MPa] | 48,50 | 54,08 | 44,95 | 50,02 | 44,32 | 51,65
f«[MPa] | 3,99 3,85 4,80 - - -
28 days " 0,097
fo[MPa] | 336" | 42,82 | 42,04 | 44,17 | 42,78 | 44,44
f. [MP 5,13 5,29 4,76 - - -
Lday | MPal] S, ' ’ 0,109
fc.[MPa] | 42,44 | 43,51 | 51,63 | 44,54 | 49,13 | 46,56
fx [MP 5,91 4,50 4,99 - - -
3 days (MPal 0,106
fc.[MPa] | 46,16 | 49,19 | 46,15 | 47,51 | 49,31 | 52,48
M/G f. [MP 5,55 6,25 6,56 - - -
/ 7 days (MPal 0,113
50/50 fc.[MPa] | 51,63 | 57,24 | 56,24 | 52,32 | 53,52 | 53,16
f«[MPa] | 5,63 6,45 7,20 - - -
14 days 0,111
fc.[MPa] | 61,19 | 59,46 | 51,80 | 56,33 | 58,76 | 59,79
f, [MP - - -
28 days [MPa] | 5,96 5,93 5,91 0,100
fc[MPa] | 66,03 | 54,26 | 55,84 | 60,20 | 58,02 | 61,34

"Result was rejected on the basis of statistical method - elimination of one extreme value.

Table 3.9.3: Standard deviation and coefficient of variation of flexural and compressive

strength results.

Standa(::doij/e[\;?)tion ] lday | 3days | 7days | 14 days | 28 days
et | MBS | g9 | 62 | a9 | 63 | 0
| wews g am | on on |
Compressive M/G 25/75 (37,,433) (36,,499) (1?:,865) (37’,880) (12’,031)
e wewm g pe [ an s
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The brittleness of samples increased along with the increase of the age of tested
sample. In samples cured for 1 day, during the flexural strength test only small crack appeared
after breaking. Samples cured for 28 days were destroyed with a resonant tone, two halves of
the beam have been falling apart.

Figure 3.9.5 presents the visual difference between the interior of geopolymer made
of mixture M/G 25/75 (containing 75% of CRT glass) and made of mixture M/G 50/50
(containing 50% of CRT glass). The increased amount of CRT glass has been clearly visible in
the cross section of broken sample.

Fig.3.9.3: Broken surface of sample containing a) 75% of CRT glass b) 50% of CRT glass
(photographs were taken by dr Fatima Pawetczyk in Institute of Physics, Centre for Science
and Education, Silesian University of Technology).

Mixture M/G 27/75 had much worse workability than mixture M/G 50/50. What is
more, the high content of CRT glass hindered compaction of mixture inside moulds. As an
effect, not all samples were compacted enough what caused creation of some cavities inside
hardened material. Cavities were visible after broking prisms during the flexural strength test.
Some exemplary cavities are shown in Figure 3.9.6. Cavities were marked with use of the green
circle.

Fig.3.9.4: Cavities in geopolymer containing 75% of CRT glass. The biggest cavities were
marked with the green circle.

Table 3.9.4 contains results of measurements of mass taken on each day since
demolding which has been done on samples tested after 7 days of curing. Samples from series
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M/G 25/75 were heavier than samples from series M/G 50/50. Samples made of both mixtures
were generally losing weight along with the curing time.

Table 3.9.4: Mass of each sample tested after 7 days on each following day of curing.

Mass [g] | 1% day 2%day | 39day | 4" day 5t day 6t day 7t day

M/G 594 589 583 580 577 574 573
25/75 612 606 599 596 593 591 589

603 596 588 586 584 581 579
M/G 538 530 522 515 510 507 505
50/50 529 522 515 510 506 504 502

552 544 537 532 528 525 523

3.9.3 Analysis

Figure 3.9.7 shows changes of the temperature inside geopolymer made of mixtures
M/G 25/75 and M/G 50/50 during the first 10 hours of curing. Figure 3.9.8 shows changes of
the temperature inside geopolymer during the first 30 hours of curing. The whole
measurement is presented in two Figures 3.9.7 and 3.9.8 to show clearly both the details
which took place at the beginning of curing and the overall view on the behavior of the
temperature inside samples. The graph presented in Figure 3.9.8 is cut after 30 hours of curing
since no further changes of temperature took place inside samples. Several stages can be
distinct in the temperature graph: 1) the rapid increase at the very beginning, only after
placing the mixture in moulds, 2) the slight drop within minutes after placing, 3) the steady
increase since placement of moulds in climatic chamber, 4) the gradual drop after achieving
the maximum point within an hours since casting, 5) stabilization on the level of the
temperature inside the climatic chamber approximately after 18-20 hours since casting, 6) the
significant and rapid decline between 24 and 26 hours since casting (the decline started at the
moment when samples were taken off from the climatic chamber), 7) the stagnation at the
level of the room temperature after 26-30 hours since casting.

Figure 3.9.7 shows temperature changes inside geopolymer since the moment of
placing the mixture in the forms. At a very beginning of measurement, the temperature
increased sharply. After 1,5 minute it reached averagely 27,23°C in mixture M/G 50/50 and
26,81°C in mixture M/G 25/75. After 10,5 or 12 minutes since the beginning of measurement
(respectively inside mixture M/G 50/50 and M/G 25/75), temperature declined to 26,67°C in
mixture M/G 50/50 and to 26,14°C in mixture M/G 25/75. All given values of temperature and
time are the average from four measurements. The temperature remained stable by
6,5 minutes and after that period, started increasing steadily. In case of samples made of
mixture M/G 50/50 the maximum temperature (47,06°C) was reached after 342 minutes of
curing (almost 6 hours) while samples made of the mixture M/G 25/75 needed 386 minutes
(about 6,5 hours) to gain its maximum value (43,80°C).
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Fig.3.9.5: The temperature changes during the first 10 hours of curing.
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Fig.3.9.6: The temperature changes during the first 30 hours of curing.

After reaching the top value, the temperature in both geopolymers went down steadily

and stagnated at 38°C (in about 19t hour of curing). After 24 hours of curing, specimens were
taken off the climatic chamber and unmolded. That moment is visible in the graph in the form

77



of a sudden and significant reduction of the temperature. After about 1,5 hours since
demolding, temperature started leveling off. The room temperature (~20,5°C) inside
geopolymers made of both mixtures was achieved after 28-30 hours since casting.

In general, the temperature gained higher values inside geopolymer samples
containing 50% of CRT glass. What is more, excluding the first growth and the last decrease
which took place simultaneously, the temperature was rising and falling down more quickly in
specimens prepared of mixture M/G 50/50. Changes in geopolymer containing 75% of CRT
glass were occurring more gradually.

Based on the descriptions in the literature, Author concluded that the two peaks in the
temperature diagram (Figure 3.9.8) are caused respectively with dissolving of metakolin
particles and formation of geopolymeric gel [36], [166], [339]-[342]. The lack of the visible
three peaks described in the some sources [36], [339], [340] is probably caused by different
measurement method (thermometers instead of isothermal calorimetry) and the fact that
measurement was started after placing of mixture in molds. The maximal temperatures inside
the material during the curing process are relatively low what is a positive sign while
considering using geopolymer for preparing of large structure elements. However, the
temperature will probably increase with the increase of element volume what demand an
extensive study in the future.

Results of the strength tests are presented in Figure 3.9.9 and Figure 3.9.10. Each bar
represents average value of compressive or flexural strength obtained by samples from
particular mixture cured for different time (1, 3, 7, 14 or 28 days).

m Metakaolin/CRT glass 25/75
m Metakaolin/CRT glass 50/50
7.5 1
7.0 -
6,5
6,0

6,4
6,1
5,1 59
' 49
551, 51 47 ;
50 | 4 4.2
4,5 - 4.3
40 -
35 -
3,0 -
25 -
2,0 -
15 -
1,0 -
0.5 -
0,0 - : . : .

1 day 3 days 7days 14days 28 days
Day of curing

Flexural strength [MPa]

Fig.3.9.7: Flexural strength of geopolymer made of mixtures containing different metakaolin
to CRT glass mass ratio and cured for different time.
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Geopolymer made of mixture M/G 50/50 regardless the period of curing, had higher
flexural strength results than the one prepared on the base of mixture M/G 25/75. The
difference in early-strength was relatively small but increased with time. The average flexural
strength of geopolymer containing 50% of CRT glass was growing with time (except for series
tested after 28 days which was a slightly smaller than after 7 and 14 days). The behavior of
geopolymer containing 75% of CRT glass was less predictable. The differences in strength were
changing not monotonically in time (every other measurement of strength was smaller than
the previous one). Samples made of mixture M/G 25/75 obtained their almost final flexural
strength only after 24 hours of curing while strength of samples made of the mixture
M/G 50/50 was high after 1 day but was still increasing in time. Such situation could be caused
by the fact that geopolymer M/G 25/75 contained less metakolin so that the chemical
reactions could be finished earlier than in geopolymer containing more metakaolin.

Figure 3.9.10 presents compressive strength results obtained after 1, 3, 7, 14 and

28 days of curing.
m Metakaolin/CRT glass 25/75

m Metakaolin/CRT glass 50/50
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Day of curing
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Fig.3.9.8: Compressive strength of geopolymer made of mixtures containing different
metakaolin to CRT glass mass ratio and cured for different time.

The early-compressive strength (after 1 and 3 days) of geopolymer containing 50% of
CRT glass is smaller than strength of geopolymer containing 75% of CRT glass. However, after
7 days of curing, the inter-relation between geopolymers of different aggregate content was
diverted. On the 7t" day of curing, samples made of mixture M/G 50/50 achieved higher
strength than those made of mixture M/G 25/75 and the difference was further enlarging in
time. The higher early strength of geopolymer containing 75% of CRT glass can be cause by
the fact that the smaller content of metakaolin can shorten the geopolymerization processes
inside the material. Compressive strength of specimens prepared with mixture M/G 50/50 is
monotonically growing with time reaching the maximum value (59,3 MPa) after 28 days, while

79



the strength of specimens made of mixture M/G 25/75 starts to decline since the 7 days of
curing. After 28 days, the average compressive strength of geopolymer with 75% of CRT glass
is 7,5% smaller than one day compressive strength.

Figure 3.9.11 shows the fy/f. ratio change over time.

0,12

0,11 .\/;
«© 0,10
> 0,09

0,08

0,07

0,06

——M/G 25/75

——M/G 50/50

~

\\/\‘

28 days

1 day 3 days 7 days

Day of curing

14 days

Fig.3.9.9: The change of f,/f. ratio of geopolymer with different CRT glass content over time.

The change of fy/fc ratio over time was more significant in case of geopolymer
containing 75% of CRT glass than in case of geopolymer with 50% of CRT glass. In case of
geopolymer made of both mixtures, f./f. ratio dropped on the 3" day of curing. Then, on the
7t day, the further decrease and the lowest value was noted in the case of M/G 25/75, while,
oppositely, for M/G 50/50, fy/f. ratio increased gaining the highest value. For M/G 50/50 f/f.
ratio started decreasing after 7t of curing. By contrast, for geopolymer M/G 25/75, after the
7t day of curing, fi/fc ratio firstly increased and then decreased on 28" day. Independently on
the curing age, the fy/fc ratio for M/G 25/75 mixture was all the time smaller than for M/G
50/50.

By contrast to observations made within this Thesis, Rovnanik [334] reports the
constant decrease of fx/fc ratio of geopolymer cured at 40°C in time. Long et al. [307] made
strength tests only after 7 and 28 days but independently on CRT glass content, f./fc ratio after
28 days was always lower than after 7 days.

Each sample was measured and weighed only after demolding and before the test.
Table 3.9.5 contains average densities of geopolymer on the following days of curing and
values of mass loss during the period of curing.

Table 3.9.5: Average density and mass loss of geopolymer samples made of different mixtures
and cured for different time periods.

Density[kg/m?3]
Mass loss [%] 1day 3 days 7 days 14 days | 28 days
2200 2130 2110 2090 2070
M/G 25/75 - 3,2 3,7 51 6,2
1970 1930 1920 1900 1870
M/G 50/50 - 3,0 5,4 7,5 9,2
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Independently on the period of curing, samples prepared with mixture M/G 25/75 had
higher density than samples made of mixture M/G 50/50. In case of geopolymer made of both
mixtures, the density was declining with time. The most rapid drop in density was observed
between the first and third day. The mass loss increases with the decrease of density. Except
for the value registered on the third day, geopolymer containing 50% of CRT glass was affected
by higher mass loss than geopolymer with 75% of CRT glass.

Figure 3.9.12 shows the mass loss of each sample made both of mixture M/G 25/75
and M/G 50/50 every following day of curing. The value 100% indicates the weight after
24 hours of curing in climatic chamber at 40°C (only after unmolding). For the rest of time,
prisms were kept at the room temperature in the laboratory.

100% Metakaolin/CRT glass 25/75

Metakaolin/CRT glass 50/50
99%

98%
97%
96%
95%

94%

The loss of the mass of the sample

93% T T T T T T 1
1d 2d 3d 4d 5d 6d 7d

The following curing days

Fig.3.9.10: The loss of the mass of the samples during the following curing days.

The mass loss of geopolymer containing 75% of CRT glass is evidently smaller than mass
loss of geopolymer with 50% of CRT glass. This phenomenon is probably caused by the fact,
that mixture M/G 50/50 contained overall more liquid (activators) than mixture M/G 25/75
since the number of activators was dosed depending on the metakaolin mass content.
Besides, mixture M/G50/50 includes more precursor which reacts during the
geopolymerization process. During the first 3 days there is a significant drop in a mass loss.
Then, the reduce in mass become steadier especially in case of geopolymer made of mixture
M/G 25/75. The average mass loss during the 7 days of curing at the room temperature was
about 3,7% in case of geopolymer containing 75% of CRT glass and about 5,4% in case of
geopolymer containing 50% of CRT glass.

Table 3.9.6 shows the average values of density of samples made of both mixtures for
the following curing days. The same samples were weighed every day. The following values of
density varies from those one given in Table 3.9.5 since the continues measurement had to
be done on different series of samples. The divergence between corresponding values from
Table 3.9.5 and Table 3.9.6 did not exceed 3% and can be caused by different level of
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compaction. The same dependences in both Tables can be noticed such as that on each day
of curing, geopolymer containing 75% of CRT glass has higher density than geopolymer with
50% of CRT glass.

Table 3.9.6: Average density of geopolymer in the following curing days.

Density [kg/m3] lday | 2days | 3days | 4days | 5days | 6 days | 7 days
M/G 25/75 2170 2140 2120 2110 2100 2090 2080
M/G 50/50 2030 2010 1980 1960 1940 1930 1920

Basing on the test of the influence of curing time on mechanical behavior of
geopolymer samples made of two mixtures M/G 25/75 and M/G 50/50, the mixture
M/G 50/50 has been chosen for the further investigations — for the main research. Samples
from series M/G 25/75 achieved considerably lower flexural strength results and, since 7" day
of curing, lower compressive strength values as well, than samples from series M/G 50/50.
Moreover, samples from series M/G 25/75 have shown alarming tendency of the loss of
compressive strength in time. Compressive strength decreased by over 16% between 7% and
28t™ day of curing. The decrease of compressive strength in time, lower flexural strength, high
density and poor workability leading to the cavities in the hardened samples from series
M/G 25/75 were the main reasons an Author decided to continue works only on samples
made of mixture M/G 50/50.
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CHAPTER 4 (MAIN RESEARCH)

4.1 Determination of the influence of curing temperature and curing time on
mechanical behavior

4.1.1 Preparation of samples

This part of the research has been done on one chosen mixture: M/G 50/50. The main
goal was to establish the change of mechanical behavior (flexural and compressive strength
and density) of samples cured at room temperature (~20°C) and at 40°C over time. Results
presented in the previous subsection 3.9.2 achieved by samples made of mixture M/G 50/50
and cured at 40°C were compared with new results obtained by samples cured at the room
temperature. The composition of the chosen mixture is presented in Table 4.1.1 below.

Table 4.1.1: Mixture composition.

Mixture Metakaolin CRT glass Sodium silicate Sodium hydroxide

M/G 50/50 | [kg/m?] 898 898 449 225

Mixture was placed in the prismatic moulds. Samples were cured at two different
conditions: 1) all the time at the room temperature with unmolding just before test, 2) for the
first 24 hours in climatic chamber at 40°C and then (after unmolding) at the room
temperature. Strength tests were performed after 1, 3, 7, 14 and 28 days of curing. In case of
samples cured all the time at the room temperature, the additional test after 5 days was
performed, since differences in strength in that time interval were significant. The quantity of
samples subjected to strength tests after each period of curing varied in dependence of curing
regime: 1) regarding geopolymer cured all the time at 20°C — 6 samples were subjected to
flexural strength test and 12 to compressive strength test, 2) regarding geopolymer cured for
the first 24 hours at 40°C — 3 samples were subjected to flexural strength test and 6 to
compressive strength test.

Figure 4.1.1 presents samples cured at different temperatures and different time just
before the strength test. Samples cured at 40°C were brighter than samples cured at 20°C
independently on the time of curing. As in the case of series of samples 20°C (1) (described in
section “3.8 Determination of the influence of curing temperature on mechanical behavior”),
samples tested after 1 day (and in relation to this unmolded after 24 hours) were affected by
cracks. After several minutes, the surface of samples cured only for 1 day started covering
with network of shallow and barely visible cracks (see Figure 4.1.2). While, at the very
beginning, just after unmolding, there was no visible difference between samples cured for
1 day and for 28 days with unmolding after 28 days (see comparison in the Figure 4.1.3). One
sample from the series demoulded after 24 hours was left in the laboratory for further
observations. After 28 days of curing (including the first 24 hours in the mold), the sample was
entirely covered with cracks (see Figure 4.1.4). Figure 4.1.5 shows the comparison of the
condition of the upper surface of discussed sample after about an hour after demolding and
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after 28 days of curing. The appearance of cracks was probably caused by the rapid and
excessive shrinkage which took case after contact of not fully hardened samples with the air.
The shrinkage started several minutes after demolding (as shown in Figure 4.1.2) and
intensified in time (Figures 4.1.4 and 4.1.5). Cracks appearing on the 1 day samples are the
evidence that the chemical process inside geopolymer was not fully completed after that time.
This theory is confirmed by significantly lower strength achieved by samples after 1 day of
curing (flexural and compressive strength results are given in Table 4.1.2 below). The problem
of the shrinkage affecting too early demoulded samples has been described more precisely in
section “3.8 Determination of the influence of curing temperature on mechanical behavior”.

d) f)

Fig.4.1.1: Samples cured at different temperatures and cured for different time period:
a) 20°C, 3 days, b) 20°C, 7 days, c) 20°C, 28 days, d) 40°C, 3 days, e) 40°C, 7 days, f) 40°C,
28 days. The color of samples cured at 20°C (a), b), and c)) was significantly darker than color
of samples cured at 40°C (d), e) and f)).

a)

Fig.4.1.2: The surface of samples cured at 20°C and demoulded after 1 day, a) just after
demolding, b) 1 hour after demolding.
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a) b)

Fig.4.1.3: a) Samples cured at 20°C for 1 day (picture taken only after demolding), b) Samples
cured at 20°C for 28 days (picture taken only after demolding). There was no significant
difference in color between samples.

Fig.4.1.2: Sample cured at 20°C and demoulded after 24 hours. Picture taken after 27 days of
further curing at the room temperature in the laboratory.

a)
Fig.4.1.3: The upper surface of sample cured at 20°C and demoulded after 24 hours a) picture

taken after unmolding (after 24 hours of curing) b) picture taken after 27 days of further curing
at the room temperature in the laboratory.
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4.1.2 Results

Table 4.1.2 contains all results achieved during the flexural and compressive strength
tests.

Table 4.1.2: Flexural (fx) and compressive (f) strength results.

Mixture No.1 | No.2 | No.3 | No.4 | No.5 | No.6 fu/fe

fy[MPa] | 426" 1,09 1,13 1,16 1,14 1,15
Lday | pa] 7,64 8,87 8,14 8,26 9,13 9,26 | 0,131
c a
8,82 8,97 8,38 8,38 8,17 9,78
f [MPa] | 2,42 2,94 2,48 2,52 2,88 3,32
3days | pa] 36,16 | 36,59 | 35,29 | 36,95 | 40,63 | 42,17 | 0,072
‘ 36,73 | 35,52 | 37,63 | 3549 | 41,13 | 42,51
f.[MPa] | 2,84 3,48 3,25 4,17 3,99 3,64
5 days (. (viPal 48,54 | 48,81 | 45,26 | 49,06 | 3462" | 43,13 | 0,076
c a
48,56 | 44,41 | 50,26 | 49,67 | 40,10 | 47,15
f.[MPa] | 5,61 4,13 4,61 4,42 4,90 4,05
7 days ( 1pal 41,92 | 50,96 | 42,45 | 55,42 | 52,27 | 55,40 | 0,088
c a
57,04 | 54,66 | 52,41 | 52,86 | 53,99 | 57,38
f.[MPa] | 4,91 493 | 542" | 4,94 5,11 4,89
14 days ( ipal 60,87 | 60,53 | 60,57 | 61,32 | 6448 | 62,49 | 0,081
c a
60,80 | 63,00 | 60,34 | 61,94 | 60,75 | 62,04
f.[MPa] | 5,57 5,09 5,21 4,83 4,97 5,14
28 days | Pl 67,26 | 70,17 | 66,70 | 67,31 | 67,74 | 66,62 | 0,076
c a *
68,97 | 67,50 | 64,45 | 669" | 65,66 | 65,93
f, [MP 5,13 5,29 4,76 - - -
L day |xMPal | 5, ’ ’ 0,109
f.[MPa] | 42,44 | 43,51 | 51,63 | 44,54 | 49,13 | 46,56
f.[MPa] | 5,91 4,50 4,99 - - -
3 days 0,106
f.[MPa] | 46,16 | 49,19 | 46,15 | 47,51 | 49,31 | 52,48
f.[MPa] | 5,55 6,25 6,56 - - -
40°C | 7days 0,113
f.[MPa] | 51,63 | 57,24 | 56,24 | 52,32 | 53,52 | 53,16
f.[MPa] | 5,63 6,45 7,20 - - -
14 days 0,111
f.[MPa] | 61,19 | 59,46 | 51,80 | 56,33 | 58,76 | 59,79
f.[MPa] | 5,96 5,93 5,91 - - -
28 days 0,100
f.[MPa] | 66,03 | 54,26 | 55,84 | 60,20 | 58,02 | 61,34

“Result was rejected on the basis of statistical method - elimination of one extreme value.

20°C

Samples cured all the time at 20°C were characterized by low early strength (especially
after 1 day of curing). Samples cured at 40°C achieved high flexural and compressive strength
both after 1 day and 28 days of curing. The highest compressive strength showed samples
cured at 20°C for 28 days.
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Table 4.1.3 shows standard deviations and coefficients of variation of flexural and
compressive strength results presented above, in Table 4.1.2. With the exception of results
obtained after 7 and 28 days, samples cured all the time at the room temperature achieved
more stable (characterized with smaller coefficient of variation) values of flexural strength. No
monotonic correlation between period of curing and variation of results was observed. No
strict dependence between conditions of curing and variation of compressive strength results
was observed. Samples cured at 20°C achieved significantly more stable values after 14 and
28 days of curing than after shorter curing period.

Table 4.1.3: Standard deviation and coefficient of variation of flexural and compressive
strength results.

Standard deviation [-] 1 3 5 7 14 28

(CoV [%]) day days days days days days

TE Cured at 20°C on) | 1e | 15 | on | 08 | to)
R e WTOR 00
g cremme G0 6o | 6e | 60 | 69 | 6o
R I B e el B

The brittleness of samples was increasing along with the increase of curing time. Figure
4.1.6 presents the appearance of samples after flexural strength test. It was noticed that the
crack was wider in samples cured for a longer time.

a) b)
Fig.4.1.4: Crack formed in the middle of the beam span (below the concentrated force) after
flexural strength test. Sample cured for: a) 1 day, b) 3 days, c) 7 days, d) 14 days, e) 28 days.
There was no significant difference in color between samples. The difference visible in pictures
has been caused by the difference in lighting.

e)
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4.1.3 Analysis

Results of this part of the research are presented in Figure 4.1.7 and Figure 4.1.8. Each
bar represents average value of compressive or flexural strength obtained by samples from
mixture M/G 50/50 cured at different conditions and tested after 1, 3, 7, 14 or 28 days
(samples cured all the time at the room temperature were additionally tested after 5 days).
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Fig.4.1.5: Change of the flexural strength of geopolymer made of mixture M/G 50/50 and
cured at different temperatures over time.

The flexural strength of geopolymer cured all the time at the room temperature
increases monotonically over time. Early strength of material cured at 20°C was very low. The
biggest and more rapid increment was observed between the first and the seventh day of
curing. Flexural strength on the third day more than doubled one-day flexural strength. The
further increase (between third and seventh day) become slower and almost linear. After
7 days of curing the increase of flexural strength stabilized. The difference in strength between
samples tested after 14 and 28 days was negligible.

Geopolymer cured for the first 24 hours at elevated temperature 40°C gains the
flexural strength quicker than geopolymer cured all the time at the room temperature. Only
after one day of curing geopolymer achieves flexural strength close to the final one. There is
no difference between average flexural strength on the first and on the third day. Then,
strength increases slightly. Long term flexural strength (measured after 28 days) was a little
bit smaller than strength after 7 and 14 days. In contrast, results obtained after 28 days were
more stable than all other values of flexural strength. Independently on time of curing, the
flexural strength of geopolymer cured at 40°C was higher than strength of geopolymer cured
all the time at 20°C although, the difference was decreasing in time.
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Figure 4.1.8 presents results of compressive strength tested after different periods of
time.
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Fig.4.1.6: Change of the compressive strength of geopolymer made of mixture M/G 50/50 and
cured at different temperatures over time.

As in the case of flexural strength, the compressive strength of samples cured all the
time at 20°Cincreases monotonically in time. The early compressive strength is low (8,6 MPa).
Once again, the biggest growth was observed between first and third day of curing. The
compressive strength increased almost 4,5 times in that period. The further increase is gradual
and almost linear. Also, as in the case of flexural strength, geopolymer cured at 40°C gains
compressive strength much more quickly than geopolymer cured at the room temperature.
Only after one day of curing geopolymer achieves high compressive strength (46,3 MPa). The
increase of compressive strength is monotonic. Until the 14 day the increase is significant. The
difference in compressive strength between 14 and 28 day is negligible.

Until the seventh day of curing, the compressive strength of geopolymer cured at 40°C
is higher than of geopolymer cured at 20°C. At the beginning the divergence is high (almost
440% after 1 day of curing) but it is disappearing in time. Since fourteenth day, the strength
of geopolymer cured at 20°C surpass the strength of geopolymer cured at 40°C (by 5,9% after
14 days and 13,2% after 28 days of curing).

The change of f/fc ratio of geopolymer cured at the room temperature and the
elevated temperature over time, has been presented in Figure 4.1.9.
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Fig.4.1.7: Change of the fy/f. ratio of geopolymer made of mixture M/G 50/50 and cured at
different temperatures over time.

The general pattern of fy/f. change over time is the same for geopolymer cured at 20°C
and 40°C, however, the amplitudes are much bigger in case of geopolymer cured at the room
temperature. In case of geopolymer cured at both conditions, f./fc ratio at 3™ day is lower
than at the 1%t day of curing. Then, fy/f. ratio increases monotonically reaching the peak value
at 7™ day and then decreases again. The highest value of f,/f. ratio was observed at 15t day in
case of geopolymer cured at 20°C and at 7™ day for geopolymer cured at 40°C. The lowest
value of fy/f. ratio was obtained after 3 days of curing by geopolymer cured at 20°C. The same
mixture cured at 40°C achieved minimum f,/f. ratio after 28 days. Except of 1°t day, during the
whole curing period, geopolymer cured at 40°C was characterized by higher fy/f. ratio than
the one cured at 20°C.

Rovnanik [334] reports the constant decrease of fx/f. ratio of geopolymer cured at 40°C
for the following curing days. The maximum f,/f. ratio in the first day of curing was equal to
0,22. The smallest, at 28™ day of curing — 0,18. By contrast, in case of geopolymer cured at
20°C, fy/fc ratio decreased between 1% and 3™ day and then raised on the 7" day and
decreased again at 28" day which is similar behavior to those one showed by geopolymer in
this Thesis. The maximum fy/fc ratio was 0,23 and the smallest — 0,19. All values of f,/f. ratio
were higher than in this Thesis.

Table 4.1.4 includes the average density of samples cured in different conditions, in
the following curing days.

Table 4.1.4: Average density of geopolymer made of mixture M/G 50/50 in the following
curing days.

Density [kg/m3] 1 day 3days | 5days | 7days | 14 days | 28 days
Cured at 20°C 2060 2080 2070 2060 2080 2090
Cured at 40°C 1970 1930 - 1920 1900 1870




Density of geopolymer cured at 40°C decreases in time. The biggest drop in density
was registered between the first and third day of curing. In case of geopolymer cured all the
time at the room temperature, there is no dependence between density and period of curing.
All values are close to each other (small differences can be caused for example by different
level of compaction). Observations connected with geopolymer cured at 20°C and unmolded
just before strength test indicate that the significant loss of density take place during curing
without form, cover or any other protection. Samples cured all the time at the room
temperature were protected by form and cover until the test day and as a result had no access
to air while samples cured at 40°C were unmolded after 24 hours of curing. Although, the
considerable difference in one-day density between geopolymer cured at 20°C and at 40°C
indicates that significant loss of density may be also caused by higher curing temperature even
though, the samples were covered during this time. Generally, independently on the period
of curing, samples cured at lower temperature had greater density than samples cured at
elevated temperature.

Generally, a significant number of researches reports that strength of geopolymer
cured at elevated temperature is much higher than of geopolymer cured at the room
temperature during the first days, but then the difference is vanishing and even the
dependence can change [47], [327], [334], [338], [343]. The fact that curing at elevated
temperature increases significantly strength of geopolymer in the first days may be crucial for
some applications were the rapid gain of strength and quick demolding is required. However,
both the observations made by an Author and by other scientists indicates, that the difference
in strength between geopolymer cured at the ambient temperature and at elevated
temperature is vanishing in time. Moreover, some studies [334], [338] (including observations
made within this Thesis) report that strength of geopolymer cured at ambient temperature
surpasses strength of geopolymer cured at elevated temperature after long time of curing
(14-28 days). Additionally, curing at ambient temperatures is more ecological, easier and
cheaper than curing at elevated temperature, although, the need of keeping material in
moulds for longer period is the negative aspect of that method of curing. After considering all
in favor and against, Author decided to choose curing at ambient temperature as an optimal
for further tests. The better compressive strength after 14 and 28 days of curing, the facility
of this solution together with the ecological and economical aspects were the main reasons
why Author decided to continue tests on samples cured all the time at the ambient
temperature.
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4.2 Determination of the influence of sodium hydroxide concentration on
mechanical behavior

4.2.1 Preparation of samples

The main goal of the test was to determine the influence of the concentration of
sodium hydroxide on flexural strength, compressive strength and density of the geopolymer.
Samples were made of mixture M/G 50/50, cured at the room temperature and demoulded
after 7 days of curing. The only factor distinguishing the following mixtures was concentration
of sodium hydroxide which ranged from 6 mol/L to 12 mol/L. The sodium hydroxide of
appropriate concentration was prepared minimum 24 hours before preparation of the
samples. During preparation of the samples it was observed that workability of a mixture
decreases slightly with the increase of NaOH concentration.

Four prismatic samples were made of each mixture. No external visual difference
between samples activated with NaOH of different concentration was noticed (compare
Figure 4.2.1). Four samples from each series were subjected to flexural strength test. Eight
halves of prismatic samples were subjected to compressive strength test.

c) d)

Fig.4.2.1: Beams before strength tests. Series containing NaOH of concentration a) 6 mol/L,
b) 8 mol/L, c) 10 mol/L, d) 12 mol/L.
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4.2.2 Results

Table 4.2.1 presents the flexural and compressive strength tests results.

Table 4.2.1: Flexural and compressive strength results.

Mixture No. 1 No. 2 No. 3 No. 4 fi/fe
Naon | Ml 232 | 406 [ 456 [ 488
a 35,51 | 3550 | 35,94 | 34,12 | 0,126
6M f. [MPa]

3554 | 3362 | 37,66 | 3448
Naon | MPel 596 | 584 [ 563 [ 563
a 38,95 | 37,88 | 32,79 | 42,21 | 0,146
8M f. [MPa]

44,15 | 3550 | 36,63 | 4842
aon Pl 663 [ 596 [ 567 | 556
a 57,14 | 5530 | 5592 | 53,66 | 0,106
10M | f.[MPa]

5804 | 58,12 | 53,96 | 5587

f«[MPa] | 5,53 4,98 4,78 5,03

NaOH

60,34 | 5521 | 54,65 | 55,86 | 0,089
12M f. [MPa]

60,49 | 56,32 | 56,48 | 56,93

Samples activated with sodium hydroxide of concentration 6 mol/L showed lower
flexural and compressive strength than the rest of samples. Samples activated with sodium
hydroxide of concentration 10 and 12 mol/L achieved considerably higher compressive
strength than samples containing 8 and 10 mol/L NaOH.

Standard deviations and coefficients of variation of values from Table 4.2.1 are given
in Table 4.2.2. For all series of results (except of compressive strength of samples activated
with 8 mol/L NaOH), coefficient of standard deviation is below 10%. No monotonic
dependence between NaOH molarity and stability of results was registered.

Table 4.2.2: Standard deviation and coefficient of variation of compressive strength results.

Standard deviation [-] |\ ol em | NaOH8M | NaOH10M | NaOH 12M

(CoV [%])
Flexural strength 0,35 0,16 0,48 0,32
8 (7,8) (2,8) (8,1) ©3)
Compressive strength 1,26 5,08 1,69 2,21
i & (3,6) (12,8) (3,0) (3,9)

Samples activated with sodium hydroxide of concentration 6 mol/L were characterized
with less brittle failure than the rest of samples. The crack in broken sample containing NaOH
of concentration 6 mol/L was much smaller than crack appearing in samples containing
activators of higher concentration (Figure 4.2.2). Much smaller difference in the model of
failure between samples containing NaOH of concentrations 8, 10 and 12 mol/L was noticed.
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Photography of sample activated with 12 mol/L, cracked after flexural strength test was not
clear and therefore it was not included in Figure 4.2.2.

c)
Fig.4.2.2: Beams cracked after flexural strength test. Sample containing NaOH of
concentration a) 6 mol/L, b) 8 mol/L, c) 10 mol/L.

4.2.3 Analysis

Figure 4.2.3 presents flexural and compressive strength obtained by geopolymers of
activated with sodium hydroxide of different concentration.

65,0
m Compressive strength 57,0
60,0 56,0
m Flexural strength
55,0
50,0
45,0
40,0
35,0
30,0
25,0
20,0
15,0
10,0
5,0
0,0

39,6

Strength after 7 days [MPa]

NaOH 6M NaOH 8M NaOH 10M NaOH 12M
Molarity of NaOH solution

Fig.4.2.3: Seventh days compressive and flexural strength of geopolymer made of mixtures
activated with NaOH of different concentration.

According to results presented in Figure 4.2.3, compressive strength increases
monotonically with the increase of sodium hydroxide molarity. The greatest growth of
compressive strength (over 41 %) was registered between samples activated with 8 mol/L and
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10 mol/L NaOH. The further rise of the strength is almost negligible. Flexural strength also
increases with the increase of NaOH concentration but only within values 6 mol/L and
10 mol/L. The sudden drop of strength of samples activated with 12 mol/L NaOH was
observed. In the case of flexural strength, the biggest increase (over 28%) was observed
between samples activated with 6 mol/L and 8 mol/L NaOH.

0,15
0,14
0,13
0,12
0,11
0,10
0,09 o
0,08

f /1,

NaOH 6M NaOH 8M NaOH 10M NaOH 12M
Molarity of NaOH solution
Fig.4.2.4: The f./f. ratio of geopolymer of different NaOH concentration.

According to the graph shown in Figure 4.2.4, the f,/f. decreases along with the
increase of activator concentration with exception of the lowest NaOH concentration.
Geopolymer with NaOH of 8M was characterized by the highest value of f,/fc ratio. The
difference between fy/f. ratio of geopolymer with NaOH 8M and 10M was significantly higher
than between NaOH 6M and 8M or between NaOH 10M and 12M.

Wang et al. [108] does not report the monotonic dependence between NaOH
concentration and f./fc ratio. The lowest value of f,/fc (~0,40) was obtained by geopolymer
containing NaOH of concentration 4M, while the highest value (~0,94) by samples with 8M
NaOH. The f,/fc ratio increases along with the increase of NaOH from 4M to 8M and then
decrease for 10 and 12M. Such behavior is convergent with the one presented in Figure 4.2.4.
However, all values of f/fc are much higher than reported in this Thesis.

Table 4.2.3 contains density of geopolymer activated with NaOH of different
concentration. Generally, density increases along with the increase of NaOH concentration
within 6-10 mol/L, although, the differences are small. Samples containing NaOH of
concentration 12 mol/L have shown slightly smaller density than samples activated with
10 mol/L activator.

Table 4.2.3: Average density of geopolymer activated by NaOH of different concentrations.

NaOH 6M NaOH8M | NaOH 10M | NaOH 12M
Density [kg/m?3] 1990 2010 2030 2020
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According to the results, it was decided that 10 mol/L is an optimal concentration for
metakaolin-based geopolymer with addition of the CRT glass. The compressive strength of
geopolymer activated with 10 mol/L NaOH is substantially greater than strength of samples
containing activator of lower molarities. The flexural strength was the highest (6,0 MPa) within
all series of samples. Besides, the further growth of the molarity of the activator does not
make significant profits. From the economic and environmental point of view, the lowest
concentration of sodium hydroxide the better. Although, the mechanical behavior must not
be neglected during such consideration. It was decided that molarity 10 mol/L brings the
biggest benefits in strength being still acceptable from the other perspectives. Therefore, the
rest of tests has been carried on geopolymer activated with sodium hydroxide of
concentration 10 mol/L.

4.3 Determination of the influence of CRT glass particle size on mechanical
behavior

4.3.1 Preparation of samples

The main goal of the test was to determine the influence of the CRT glass particle size
on flexural strength, compressive strength and density of the geopolymer. Samples were
made of mixture M/G 50/50, activated with sodium hydroxide of concentration 10 mol/L,
cured at the room temperature and demoulded after 7 days of curing. The CRT glass size was
the differentiating factor. Before preparation of all mixtures, CRT glass was divided with the
use of sieves onto two batches. The first one contained fractions < 0,5 mm while the second
one contained fractions ranging from 0,5 mm to 4 mm. Compressive and flexural strength of
samples containing CRT glass of size < 0,5 mm and 0,5 -4 mm were compared with results
obtained by samples from the previous tests, characterized by the same composition and
curing regime but containing CRT glass of size < 4 mm. Three various CRT glass fractions used
in the test are presented in Figure 4.3.1.

a) b)
Fig.4.3.1: CRT glass of grain fraction a) < 0,5 mm, b) <4 mm, ¢) 0,5 -4 mm.

Four prismatic beams from each series were subjected to flexural strength test. Eight
samples were subjected then to compressive strength test. No evident external visual
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difference visible with the naked eye was noticed between samples containing CRT glass of
different particle size (Figure 4.3.2).

a) b) c)

Fig.4.3.2: Samples containing CRT glass of grain fraction a) < 0,5 mm, b) <4 mm, c) 0,5 -4 mm.

4.3.2 Results

Results achieved during the flexural and compressive strength tests are shown in Table
4.3.1. All samples achieved approximately similar flexural and compressive strength results. It
is worth emphasizing that all results obtained during that test were relatively high.

Table 4.3.1: Flexural and compressive strength results

Mixture No. 1 No. 2 No. 3 No. 4 fy/fc
05 f, [MPa] 5,79 4447 5,57 5,59
<9 56,14 | 53,62 | 53,08 | 53,78 | 0,105
mm fc [IVIPa]
54,11 | 54,22 | 52,13 | 53,43
f.[MPa] | 6,63 5,96 5,67 5,56
<4mm | pal 57,14 | 55,30 | 55,92 | 53,66 | 0,106
c a
58,04 | 58,12 | 53,96 | 55,87
054 f.[MPa] | 6,07 4,49 4,42 5,22
= 6101 | 56,79 | 54,48 | 54,03 | 0,091
mm fc [MPa]
57,50 | 55,18 | 55,14 | 56,95

“Result was rejected on the basis of statistical method - elimination of one extreme value.

Table 4.3.2 contains standard deviations and coefficients of variation of flexural and
compressive strength results presented in Table 4.3.1. Samples with aggregate of size
< 0,5 mm obtained more stable flexural and compressive strength results than samples from
two other series. Compressive strength results were generally more stable than flexural
strength results. No other dependence between stability of results and CRT glass size were
observed.
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Table 4.3.2: Standard deviation and coefficient of variation of flexural and compressive
strength results.

Standard deviation [-]
< < -
(CoV [%)) 0,5 mm 4 mm 0,5-4mm
0,12 0,48 0,77
Flexural strength (2,1) (8,1) (15,2)
. 1,15 1,69 1,35
Compressive strength (2,1) (3,0) (2,4)

No significant difference in the failure mode of samples containing different fractions
of CRT glass was observed. The crack appearing in the moment of failure during flexural
strength test was slightly smaller in samples containing CRT glass particles of the largest size
(0,5—-4 mm) what is visible in Figure 4.3.3.

c)
Fig.4.3.3: Beams cracked after flexural strength test. Sample containing CRT glass of fraction
a)<0,5mm, b)<4mm,c)0,5-—4 mm.

e

Fig.4.3.4: Cross-section of a broken sample containing CRT glass of size a) < 0,5 mm, b) <4 mm,
¢) 0,5 -4 mm. Picture taken 7 days after strength test.

Figure 4.3.4 presents the cross section of samples containing CRT glass of different size
range. Photographs were taken 7 days after strength tests. The biggest visual difference can
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be noticed between cross section of sample containing only the particles of size less than
0,5 mm (Figure 4.3.4 a)) and samples with bigger glass particles (Figures 4.3.4 b) and c)). In the
case of samples containing CRT glass of range < 4 mm (Figure 4.3.4 b)) and 0,5-4 mm (Figure
4.3.4 c)), the glass particles are visible with the naked eye in contrary to section of samples
containing glass particles smaller than 0,5 mm (Figure 4.3.4 a)). In turn, air cavities are much
more visible in cross sections of samples containing glass particles of size smaller than 0,5 mm
(Figure 4.3.4 a)).

Figure 4.3.5 as well presents the cross section of samples containing CRT glass of
different size range. Photographs were taken just after flexural strength tests, so color of
samples is much darker than in Figure 4.3.4, because of water which had no time to escape.
What is more, the background for those photographs was brighter than in case of Figure 4.3.4,
what resulted in deepened difference in color. Figure 4.3.5 much better than Figure 4.3.4
presents the difference between cross section of samples containing CRT glass of size <4 mm
and of samples containing glass particles of size 0,5 — 4 mm. The areas between big CRT glass
particles in section of samples containing the whole range of glass particles (Figure 4.3.5 b)) is
similar to section of samples containing only particles smaller than 0,5 mm (Figure 4.3.5 a)).
By contrast, in samples containing CRT glass of size 0,5-4 mm (Figure 4.3.5 c)), area between
big particles is plainer.

Fig.4.3.5: Cross-section of a broken sample containing CRT glass of size a) < 0,5 mm, b) <4 mm,
¢) 0,5 —4 mm. Picture taken immediately after flexural strength test.

4.3.3 Analysis

Figure 4.3.6 presents flexural and compressive strength obtained by geopolymers
containing CRT glass of different size. Samples containing smaller fractions of CRT glass
(<0,5mm) than the other ones, achieved the lowest compressive strength. By contrast,
samples containing CRT glass ranging from 0,5 to 4 mm achieved the lowest flexural strength.
In general, differences between results from different series were rather small. The biggest
difference between compressive strength results was equal to 4% while the biggest difference
in flexural strength results was equal to 17,6%. It was concluded that particle size distribution
of CRT glass has no significant influence on flexural and compressive strength. Figure 4.3.7
presents the fy/f. ratio for geopolymer containing CRT glass of different size.
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Fig.4.3.6: Seventh days compressive and flexural strength of geopolymer made of mixtures
containing CRT glass of different particle’s size.
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Fig.4.3.7: The fy/f. ratio of geopolymer made of mixtures containing CRT glass of different
particle’s size.

The highest f,/f. ratio value achieved geopolymer containing CRT glass particles of size
< 4 mm while the lowest value has shown geopolymer containing only particles between
0,5mm and 4 mm. Among two mixtures containing CRT glass segregated with the size
(< 0,5 mm and 0,5-4 mm), the fy/f. ratio decreased along with the increase of aggregate size.
The differences in the fy/fc ratios of geopolymer made of the following mixtures were small.

Adhikary et al. [344] reports a decrease of fy/f. ratio along with the decrease of glass
particles in lightweight concrete. The maximum value of f/f. ratio (0,31) was reached by
samples containing glass particles of size 1-2 mm while the smallest ratio (0,20) by samples
with particles of size 0,01-0,3 mm. Such dependence is not convergent with the one observed
within this Thesis.
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According to data presented in Table 4.3.3, density increases with a growth of CRT glass
particles size. The smallest density had samples containing only CRT glass particles not greater
than 0,5 mm while samples containing only glass particles of size above 0,5 mm occurred to
have the highest density.

Table 4.3.3: Average density of geopolymer containing CRT glass of different size.

<0,5mm <4 mm 0,5-4mm
Density [kg/m3] 1980 2030 2070

Considering results achieved during the test on the influence of CRT glass grading on
mechanical behavior, it was decided, that the optimal CRT glass particle size range is < 4 mm.
Samples containing the full range of CRT glass particles sizes obtained the highest compressive
and flexural strength. Admittedly, the density of could be limited with the reduction of CRT
glass particle size, but it implies not negligible reduction of strength. Moreover, application of
full range of CRT glass particle size do not require any additional pretreatment of that material
and, what is also important, gives possibility to recycle more waste. It gives economic and
environmental benefits and limits an effort which has to be put into the preparation process.
It was decided that CRT glass of size < 4 mm will be used in the future tests.

4.4 Determination of the change of mechanical behavior over time

4.4.1 Preparation of samples

The main goal of the test was to establish the long-term mechanical behavior of
metakaolin-based geopolymer with CRT glass. Results previously presented in section
“4.1 Determination of the influence of curing temperature and curing time on mechanical
behavior” were completed with flexural and compressive strength tested after 56 and 112
days of curing. Test was conducted on samples made of the one chosen mixture M/G 50/50.
Each series consisted of 6 prismatic samples of dimensions 40 x 40 x 160 mm. Geopolymer
was cured all the time at the room temperature. Samples were demoulded just before the
strength test except of those one tested after 56 and 112 days which were demoulded after
28 days and kept in the laboratory for the rest of time (until the testing). Six samples were
subjected to flexural strength test, 12 samples were subjected to compressive strength test.

4.4.2 Results

Table 4.4.1 presents the results achieved during the flexural and compressive strength
tests. Samples cured for 1 day achieved considerably lower strength values than samples
cured longer. The difference was the most visible in case of compressive strength. Long-term
cured samples (28, 56 and 112 days) were generally characterized by very high compressive
strength.
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Table 4.4.1: Flexural (fx) and compressive (fc) strength results

Mixture No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 fu/fc

*

fi[MPa] | 426 1,09 1,13 1,16 1,14 1,15
1 day f. [MPal 7,64 8,87 8,14 8,26 9,13 9,26 0,131

8,82 8,97 8,38 8,38 8,17 9,78
f [MPa] | 2,42 2,94 2,48 2,52 2,88 3,32
3 days f. [MPal 36,16 | 36,59 | 35,29 | 36,95 | 40,63 | 42,17 | 0,072

36,73 | 35,52 | 37,63 | 3549 | 41,13 | 42,51
f«[MPa] | 2,84 3,48 3,25 4,17 3,99 3,64
5 days . (vPa] 48,54 | 48,81 | 45,26 | 49,06 | 3462" | 43,13 | 0,076

48,56 | 44,41 | 50,26 | 49,67 | 40,10 | 47,15
f«[MPa] | 5,61 4,13 4,61 4,42 4,90 4,05
7 days f. [MPal 41,92 | 50,96 | 42,45 | 55,42 | 52,27 | 55,40 | 0,088

57,04 | 54,66 | 52,41 | 52,86 | 53,99 | 57,38
f«[MPa] | 4,91 4,93 542° 4,94 5,11 4,89
14 days £, [MPal 60,87 | 60,53 | 60,57 | 61,32 | 6448 | 62,49 | 0,081

60,80 | 63,00 | 60,34 | 61,94 | 60,75 | 62,04
fx[MPa] | 5,57 5,09 5,21 4,83 4,97 5,14
28 days £, [MPal 67,26 | 70,17 | 66,70 | 67,31 | 67,74 | 66,62 | 0,076

68,97 | 67,50 | 64,45 | 6569" | 6566 | 6593
fx[MPa] | 6,03 6,34 673 6,17 6,13 6,14
56 days f. [MPal 67,30 | 71,62 | 64,66 | 73,41 | 75,96 | 77,89 | 0,086

63,64 | 70,45 | 65,95 | 78,18 | 72,29 | 75,87
fx[MPa] | 5,96 6,54 6,48 6,46 7,18 7,15
68,53 | 71,42 | 67,46 | 71,82 | 72,54 | 70,48 | 0,094
71,56 | 70,78 | 68,60 | 70,13 | 70,96 | 69,89
“Result was rejected on the basis of statistical method - elimination of one extreme value.

112
days | f.[MPa]

Table 4.4.2 includes standard deviations and coefficients of variation of values
presented in Table 4.4.1. No strict dependence between stability of results and the curing time
was registered (Table 4.4.2). Compressive strength results were generally more stable than
flexural strength results. Only samples cured for 1 day and 56 days achieved compressive
strength characterized by higher coefficient of variation than flexural strength. The value of
coefficient of variation of both compressive and flexural strength results is not decreasing
monotonically with time. The possible reason of the lack of dependence between curing time
and stability of results can be the chemical deformation which takes place on the different
stages of geopolymerization process. Li et al. [345] describes precisely the chemical
deformation of metakaolin-based geopolymer activated with sodium silicate and sodium
hydroxide solution and cured at ambient temperature. According to [345], geopolymer since
casting undergoes three stages of chemical deformation followed by volume changes: initial
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chemical shrinkage, chemical expansion and chemical shrinkage in the final stage. By contrast,
the OPC concrete shows monotonic volume decrease and chemical shrinkage associated with
cement hydration. The first chemical shrinkage of geopolymer occurs during first 8 hours
when metakaolin particles are dissolute in activator. The following stage — the chemical
expansion is caused by formation of zeolites and takes place between ~ 8 and 48 hours of
curing. Monomers and small oligomers during polymerization turn into crystalline structures
(like zeolites) in form of the frameworks containing small pores. The part of pores due to the
small size cannot be occupied by guest molecules (even water) creating occluded volume and
leading to the expansion of material. The expansion is followed by the chemical shrinkage
during formation of space-filling geopolymer gel. The pores formed during this stage are
capillary or gel pores which can be filled with water molecules. The occluded volume is
negligible what results in higher density. The chemical shrinkage starts approximately after
48 hours and is constant (the experiment [345] was carried on for 14 days).

Table 4.4.2: Standard deviation [-] and coefficient of variation [%] of compressive and flexural
strength results.

Standard
deviation [-] l1day | 3days | 5days | 7 days di4s dzss dzes 112 days
(CoV [%]) 4 4 4
Flexural 0,03 0,35 0,49 0,57 0,09 0,25 0,11 0,47
strength (2,3) | (12,6) | (13,6) | (12,4) | (1,8) | (4,9) | (L8) (7,0)
Compressive 0,59 2,74 3,19 5,07 0,90 1,56 | 5,11 1,51
strength 6,8 | (7,2) | (6,8 | (9,7) | (1,5) | (2,3) | (7.1) (2,1)

The value of coefficient of variation of both compressive and flexural strength results
is not decreasing monotonically with time. The possible reason of the lack of dependence
between curing time and stability of results can be the chemical deformation which takes
place on the different stages of geopolymerization process. Li et al. [345] describes precisely
the chemical deformation of metakaolin-based geopolymer activated with sodium silicate and
sodium hydroxide solution and cured at ambient temperature. According to [345],
geopolymer since casting undergoes three stages of chemical deformation followed by
volume changes: initial chemical shrinkage, chemical expansion and chemical shrinkage in the
final stage. By contrast, the OPC concrete shows monotonic volume decrease and chemical
shrinkage associated with cement hydration. The first chemical shrinkage of geopolymer
occurs during first 8 hours when metakaolin particles are dissolute in activator. The following
stage — the chemical expansion is caused by formation of zeolites and takes place between
~ 8 hours and 48 hours of curing. Monomers and small oligomers during polymerization turn
into crystalline structures (like zeolites) in form of the frameworks containing small pores. The
part of pores due to the small size cannot be occupied by guest molecules (even water)
creating occluded volume and leading to the expansion of material. The expansion is followed
by the chemical shrinkage during formation of space-filling geopolymer gel. The pores formed
during this stage are capillary or gel pores which can be filled with water molecules. The
occluded volume is negligible now what results in higher density. The chemical shrinkage
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starts approximately after 48 hours and is constant (the experiment [345] was carried on for
14 days). Undergoing chemical deformations followed with changing volume can be possible
reason for the varying coefficient of variation of results on different stages of curing. The
research on the chemical changes of the material is out of the scope of this Thesis. This
problem will be explored in the future.

The brittleness of samples increased along with the increase of curing time. The width
of crack separating halves of samples after the failure during the flexural strength test was
increasing with the increase of curing time. That dependence is shown in Figure 4.4.1.

e) f) g)
Fig.4.4.1: Crack appearing in the place of subjection of load after flexural strength test. Sample
cured for: a) 1 day, b) 3 days, c) 7 days, d) 14 days, e) 28 days, f) 56 days, g) 112 days. There
was no significant difference in color between samples presented in a), b), c), d) and e). The
difference visible in photos is caused by the difference in lighting. Samples presented in f) and
g) were visibly brighter.

The increasing width of the crack is not followed by the decreasing f«/fc ratio
(Figure 4.4.5). Only the value of f,/fc ratio measured after 1 day is significantly higher than the
values of fy/fc ratio measured in the following curing days. That indicates that the increase of
the crack is caused by the increase the maximal force causing the destruction of sample rather
than by the decrease of ductility of geopolymer.

Figure 4.4.2 shows the cross section of broken samples after compressive strength
tests performed on beams made of mixture M/G 50/50. Photographs were taken two years
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after casting of the samples. The particles of CRT glass of different sizes are visible in the cross-
sections. Since the waste glass came from different parts of the cathode ray tube, its color was
not unified. The majority of CRT glass particles was transparent (what is best visible in
Figure 4.4.2 d) which presents relatively large and sparkling CRT glass particle). However, the
part of CRT glass particles had different colors. The exemplary CRT glass of different color
(reddish in that case) can be noticed in the upper side of Figure 4.4.2 b).

c) d)

Fig.4.4.2: Broken surface of four samples made of mixture M/G 50/50 (containing 50% of CRT
glass). (Photographs were taken by dr Fatima Pawetczyk in Institute of Physics, Centre for
Science and Education, Silesian University of Technology).

To present more clearly the particular components visible on the surface of broken
sample, one chosen cross-section has been presented in Figure 4.4.3. The exemplary
components of the sample have been circled. CRT glass particles are edged with green circles.
CRT glass particles visible in Figure 4.4.3, have different sizes and shapes. They stand the most
visible part of cross-section, despite the grey-color metakaolin geopolymer matrix filling space
between the glass. The orange circles show place of round air gaps of different sizes which are
distributed randomly in the matrix. The blue circles round smooth places where CRT glass
particle has been detached from the geopolymer matrix during strength test.
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Fig.4.4.3: Broken sufface of o-ne chbsen sample made of mixture M/G 50/50. (Photograph was
taken by dr Fatima Pawetczyk in Institute of Physics, Centre for Science and Education, Silesian
University of Technology).

4.4.3 Analysis

Results are presented in Figure 4.4.4.

80,0

75.0 m Compressive strength

m Flexural strength

71,4
70,3
70,0 67,1
65,0 61,3
60,0 52,2
55,0
50.0 46,8
45,0 38,1
40,0
35,0
30,0
25,0
20,0
15,0
10,0 8"6 46 5,0 5,1 6.2 6.6
5,0 11 28 3,6 ’
0,0

1 day 3 days 5 days 7days 14days 28days ©56days 112days
Following curing days

Fig.4.4.4: Change of the compressive and flexural strength of geopolymer made of mixture
M/G 50/50 and cured at ambient temperature, over time.

Strength [MP4q]
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According to diagram presented in Figure 4.4.4, both flexural and compressive strength
increases in time. The only exception is compressive strength of samples cured for 112 days
which is less than 2% smaller than compressive strength of samples cured for 56 days. Both in
case of flexural and compressive strength, the biggest difference was observed between
samples cured for 1 and 3 days. Flexural strength increased by 155% and compressive strength
increased by 343% during this time. The increase of compressive strength was declining in
time. In case of flexural strength, the dependence between the increase of strength and
following curing days was not monotonic.

0,14
0,13
0,12
o 0,11
> 0,10
0,09
0,08
0,07
0,06

1 day 3days Sdays 7days 14days 28days 56days 112days
Day of curing

Fig.4.4.5: Change of the fy/f. ratio of geopolymer made of mixture M/G 50/50 and cured at
ambient temperature, over time.

No monotonic dependence between geopolymer age and fy/f. ratio has been noticed
(see Figure 4.4.5). The highest and lowest values were observed respectively after 1 day and
3 days of curing. The majority of f./fc ratio values fluctuates between 0,07 and 0,09.

American Concrete Institute (ACI Code 318-19 [346]) describes the tensile strength of
concrete in flexure as modulus of rupture and assess that its value is approximately equal to
10 - 15 % of the compressive strength (f./fc ratio should be respectively equal in that case to
0,10 - 0,15). ACI Code 318-19 recommends calculating the estimated value of modulus of
rupture of normal-weight concrete according to the following dependence:

f. = 0,62/f, (4.4.1)

Where:
f. — modulus of rupture of concrete, [MPa]
f'. — specified compressive strength of concrete, after 28 days of curing, [MPa]

Nath et al. [347] reports that flexural to compressive strength ratio of fly ash-based
geopolymer with additions of Portland cement, slag or calcium hydroxide, cured at room
temperature for 28 days ranges from 0,11 to 0,19. Mixtures contained both fine and coarse
aggregate. Authors noted that values of flexural strength achieved during tests are higher than
values predicted according to ACI Code 318-19 [346]. Scientists proposed their own equation
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describing the dependence between flexural and compressive strength which fits the most
accurately results obtained during tests:

foeg = 0,93/ Fom (4.4.2)

Where:
f..f — mean characteristic flexural strength of geopolymer, [MPa]
f.m — mean cylinder strength of geopolymer, [MPa]

Nath et al. [347] tested as well OPC concrete samples. The fy/f. ratio was equal to
0,09-0,10. Diaz-Loya et al. proposes the following dependence between flexural and
compressive strength of fly ash-based geopolymer containing both fine and coarse aggregate:

f, = 0,69/ (4.4.3)

Where:
f. — flexural strength of geopolymer, [MPa]
f'. — specified compressive strength of geopolymer after 3 days of curing, [MPa]

Zhang et al. [348] quotes a lot of flexural and compressive strength tests made on
different geopolymer porous composites (with various raw materials, fillers and
reinforcements). The majority of reported fy/f. ratios fits within one of two ranges: 0,07 to
0,16 and 0,25 to 0,32. Medri et al. [349] in turn, reports that geopolymer with an expanded
vermiculite as an aggregate, has fy/fc ratio equal to 1,2 what is significantly higher value that
guoted above. Bai et al. [350] reports that fx/f. ratio of highly porous geopolymers ranges from
0,09 to 0,55. However, the majority of values fits within the range 0,17 to 0,43. The fy/f. ratio
of aerated concrete in turn, ranges from 0,22 to 0,27 [351].

Summarizing, the flexural strength of metakaolin-based geopolymer with CRT glass
achieved in tests is the most convergent with the estimated value of the flexural strength
calculated according to the formula given in ACI Code 318-19 [346] (Formula 4.4.1). The
compliance of those two values is equal to 99%. In reference to the other scientific sources,
fu/fc ratio calculated within this Thesis fits in the lower range of values for porous geopolymers
given by Zhang et al. [348], but is below the range given for the other porous geopolymers
and porous concrete [349], [350], [351]. It is also smaller than values declared by
Nath et al. [347] for fly ash-based geopolymers.

Generally, the small fy/fc ratio of metakaolin-based geopolymer with CRT glass
indicates that material is brittle. Materials characterized by low f/f. ratio are less ductile and
more vulnerable to the shrinkage than materials with high f./fc ratio. The flexural strength on
28™ day of curing is convergent with estimated flexural strength calculated according to ACI
Code 318-19 [346] for concrete. The ACI Code 318-19 states that tensile strength of concrete
in flexure is neglected during calculations of nominal flexural strength. Thus, metakaolin-
based geopolymer with CRT glass, described within this Thesis, should be reinforced if applied
in structural elements, especially, when applied in elements subjected to bending.

108



Table 4.4.3 presents the density of geopolymer in the following curing days. There is
no significant difference between density of samples cured for 1, 3, 5, 7, 14 and 28 days.
Samples cured for 14 and 28 days were characterized by slightly greater density (up to 1%)
than samples cured for 1, 5 and 7 days. Then, a clear decline in density (by 12% and 10% in
comparison to the rest of samples) for geopolymer cured for respectively 56 and 112 days was
noticed. What should be emphasized, samples cured for 28 days and shorter were demoulded
(and weighted) just before the test. In turn, samples cured for 56 and 112 days were
demoulded after 28 days and then cured at the laboratory without any moulds or cover.
Therefore, it can be concluded, that the drop of density takes place during the period when
samples are demoulded. The most probable reason is that an excess of water is escaping the
system when samples have contact with an air.

Table 4.4.3: Average density of geopolymer in the following curing days [kg/m3].
1 day 3 days 5 days 7 days 14days | 28days | 56days | 112 days
2060 2080 2070 2060 2080 2090 1820 1860

The investigation presented in the above subsection indicates that both flexural and
compressive strength of geopolymer made on the chosen mixture is increasing in time. This is
a promising finding which allows to assume that material with high probability has stable
properties not changing in time. This conclusion should be confirmed in the future by
mechanical strength tests carried out after longer period of time that 112 days.
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CHAPTER 5 (COMPLEMENTARY RESEARCH)
5.1 Porosity of geopolymer

5.1.1 Preparation of samples

The main goal of this part was to determine the porosity of geopolymer. Investigation
has been performed on two samples made of mixture M/G 50/50, cured more than 56 days
at ambient temperature (the first 28 days in moulds, then demoulded). Test has been
performed with the help of mgrinz. Anna Wozniak at Silesian University of Technology, Faculty
of Mechanical Engineering, Department of Engineering Materials and Biomaterials.
Determination of the density of geopolymer has been done according to the immersion
method (based on Archimedes’ principle). Test has been done with use of analytical balance
(Radwag, AS 220.R2), accurate to 0,1 mg. Each sample was adequately prepared before the
test. Firstly, samples were cleaned and then degreased in ultrasonic bath in acetone and
deionized water (mass proportion 2:1) for 15 minutes. Then, the mass of samples was
measured both in air and in deionized water. The measurement was repeated for three times
in each sample what resulted in 6 outcomes. The density, apparent volume, apparent density,
water absorption, open porosity and total porosity were calculated according to the formulas
(5.1.1)-(5.1.6).

- )+
Ps = m, — m, Pw — Pa Pa (5.1.2)
m-,_m
Vv, = ——2 (5.1.2)
Pw
Pp = m, — m, Pw (5.1.3)
m;_1m,
WA = ¥ 100 (5.1.4)
my
m;_1m,
P, = * 100 (5.1.5)
m;_1m,
p,=2"P2, 100 (5.1.6)
Ps

where:

ps — density of sample [g/cm?3]

V, — apparent volume [cm?]

P, — open porosity [%]

pp — apparent density of sample [g/cm?]
WA — water absorption [%]

P, — total porosity [%]
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m; — mass of dry sample, measured in air [g]

m, — mass of saturated sample, measured in water [g]

ms; — mass of saturated sample, measured in air [g]

pw — 0,998203 g/cm? - density of deionized water in temperature 20 + 1°C
p, — 0,001205 g/cm?3 - density of air in temperature 20 + 1°C

5.1.2 Results and analysis

Table 5.5.1 contains all results obtained during test. Table includes results of
measurement of mass, performed on two samples and repeated three times. Table 5.5.1
includes as well the density, apparent density, apparent volume, water absorption, open
porosity and total porosity.

Table 5.1.1: Results.

m1 [g] 538 |520 |535 |#%26 |537 |5,47
m2 [g] 2,83 |2,66 |286 |34 |280 |287
ms [g] 577 |575 |565 |#%68" |587 |593
ps[g/em3] | 2,11 |2,04 |24 |206 |2,08 |20
Vp [cm?] 2,94 |309 |280 |38 |308 |3,06
pp [g/cm?] | 1,83 1,68 1,91 1,88 1,74 1,78
WA [%] 7,11 |10,54 |559 |4,68 |944 |838
Po [%] 13,06 | 17,75 | 10,73 | 8,82 | 16,47 | 15,00
P: [%] 13,10 | 17,80 | 10,78 | 8,88 | 16,51 | 15,05

“Result was rejected on the basis of statistical method - elimination of one extreme value.

Table 5.5.2 contains average value, standard deviations and coefficients of variation of
results presented in Table 5.5.1. The values of water absorption, open porosity and the total
porosity are characterized by high coefficient of variation. It may lead to the conclusion that
the compaction of the samples was not unified enough.

Table 5.1.2: Average values, standard deviations and coefficient of variation for each test
result.

Average Standard Coefficient of

deviation [-] | variation [%]
m1 - Mass of dry sample [g] 5,36 0,10 1,8
m; - Mass of saturated sample, measured in water [g] 2,81 0,09 3,0
ms - Mass of saturated sample, measured in air [g] 5,80 0,11 1,9
p, — Density of sample (Archimedes) [g/cm?3] 2,09 0,04 1,7
V, - Apparent volume [cm?] 3,00 0,13 4,3
p, — Apparent (bulk) density [g/cm?] 1,80 0,09 4,8
WA - Water absorption [%] 7,63 2,25 29,5
Po - Open porosity [%] 13,64 3,43 25,1
P: - Total porosity [%] 13,69 3,43 25,0
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Porosity of samples tested within this Thesis is lower than porosity reported by other
scientists [50], [94], [101], [324], [352], [353]. Lower porosity of geopolymer described in
Thesis can be treated as an advantage since pores (especially those one of bigger sizes) may
lead to decline of strength [169]. By contrast, in case of density of metakaolin-based
geopolymer, some scientists reported smaller values [352], [353] than the one in this Thesis
but some of them reported higher values [50], [324]. There are also investigations indicating
almost the same values of density [101].

5.2 Physicochemical characteristics

5.2.1 Description of the test

The main goal of the test was to determine the physicochemical characteristics of the
material with particular emphasis on the leaching of toxic metals from the matric of hardened
geopolymer. Test was conducted with the use of atomic absorption spectrometry (AAS). AAS
is an innovative method requiring high-quality environment in order to avoid any possible
errors of measurement and to ensure reliable and repeatable analysis. To fulfill test
requirements all analytical works were carried out in the carefully prepared laboratory. The
laboratory room was air conditioned what ensured stable and repeatable measurements. The
three-stage filtration of the supply air allowed prevention of any impurity of samples. Works
have been performed on two atomic absorption spectrometers made by Varian company.

Wet microwave digestion method was used to prepare samples for testing. Two kinds
of material were subjected to AAS method: crushed CRT glass and metakaolin-based
geopolymer containing CRT glass in form of an aggregate. Sample made from mixture
M/G 50/50, cured at the room temperature for 28 days was chosen for the determination of
properties of leachate from geopolymer containing CRT glass. The prismatic sample was
broken before the test to simulate situation where geopolymer is placed in the ground and its
surface can be destroyed for instance by cracking. The main goal of the investigation was to
determine and then to compare properties of the leachate from the not-stabilized CRT glass
and from the geopolymer containing CRT glass. The comparison would allow to asses if the
addition of CRT glass to the geopolymer mixture is an effective way for immobilization of
hazardous metals. The procedure for preparation and testing of CRT glass and geopolymer
was the same although materials were tested separately. Each material was placed in the glass
vessel filled with purified water. The mass ratio of tested material to water was 1:10. After
1 hour of resting, vessels were covered tightly and shaken for 4 hours in the shaking machine.
Thereafter, vessels were resting in static conditions in the absence of light for 16 hours. After
this time, vessels were shaken once more for the next 4 hours. Then, samples were put away
for 2 hours to allow the sedimentation to proceed. Afterwards, the obtained extract was
filtered through the filter paper and subjected to atomic absorption spectrometry. Different
types of AAS were used for identification of metals in samples: flame, electrothermal, hydride
and cold-vapor method. The Mohr method was used for designation of chlorides. The total
hardness, total and mineral alkalinity and total and mineral acidity were designed using
titration method. Calomel and glass electrodes were used for determination of pH.
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Various methods of AAS were used for the analysis of a metal content: electrothermal
AAS (spectrometer SpectrAA-880 Zeeman), the flame AAS (spectrometer SpectrAA-880) and
the VGA-77 vapor generation accessory. Test and the interpretation of the results has been
done with the help of: dr hab. inz. Krzysztof Loska, dr inz. Michat Koziot, drinz. Marcin Landrat,
dr inz. Waldemar Scierski and prof. dr hab. inz. Krzysztof Pikon at Silesian University of
Technology, Faculty of Energy and Environmental Engineering.

5.2.2 Atomic absorption spectrometry (AAS) results and analysis

Results of physicochemical analysis are presented in Table 5.2.1. Table 5.2.1 contains
both results of analysis of aqueous extract from not-stabilized crushed CRT glass and from
geopolymer sample containing CRT glass.

Table 5.2.1: Physicochemical analysis of agqueous extracts from CRT glass and geopolymer
containing CRT glass.

Designation Unit Aqueous extract | Aqueous extract The limit values
from geopolymer from CRT glass (according to
(354])
pH - 11,0 6,3 6,5-9
Total hardness | mval/dm3 0,08 0,82 -
Chloride gCl/dm3 0,0138 0,0138 1
Total acidity | mval/dm?3 0,0 0,8 -
Mineral acidity | mval/dm?3 0,0 0,0 -
Total alkalinity | mval/dm?3 6,0 0,0 -
Mineral mval/dm?3 10,2 0,6 -
alkalinity
Fe ppm 0,12 0,42 10
Mn ppm <0,015 <0,015 -
Cu ppm 0,01 0,02 0,1
Ni ppm <0,02 <0,02 0,1
Cr ppm <0,03 <0,03 0,05
Co ppm <0,025 <0,025 0,1
Zn ppm 0,03 0,31 2
Pb ppm 0,12 1,66 0,5
Cd ppm <0,006 <0,006 0,07

According to the AAS results, extract from geopolymer has much higher alkalinity than
extract from CRT glass and consequently, much higher pH as well. The chloride content and
mineral acidity of both extracts are the same. Designation of metal content in leachate from
both samples was the important part of the analysis. The content of following metals: Mn, Cu,
Ni, Cr, Co and Cd in extract from CRT glass and geopolymer was very similar or exact. However,
the content of elements: Fe, Zn, and Pb in extract from CRT glass was much higher than in
extract from metakaolin-based geopolymer with CRT glass. Leachate from metakaolin-based
geopolymer contains almost 14 times less Pb and 10 times less Zn than leachate from CRT
glass. Obtained results were compared with Polish regulatory limits (harmonized with
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regulations of European Union) determining permissible parameters of waste water
introduced to the ground or to the water [354]. The concentration of following elements: Fe,
Cu, Ni, Cr, Co, Zn and Cd, in leachates from both CRT glass and geopolymer containing CRT
glass was below the maximal regulatory value. However, concentration of Pb in the leachate
from pure CRT glass exceeded the maximum allowable value by over 230% while in the
aqueous extract from geopolymer, the same element did not reach 25% of the limit value.
Such results can lead to the conclusion that addition of CRT glass in form of an aggregate into
the metakaolin-based geopolymer mixture allows for successful encapsulation of hazardous
metals present in CRT glass inside the geopolymer matrix. According to the results compared
with the existing Polish regulations, CRT glass incorporated in geopolymer is no longer harmful
for environment in terms of toxic metals pollution. Admittedly, the pH value in case of both
extracts does not fit the range of regulatory values. The pH of extract from pure CRT glass is
slightly below the low limit value while the pH of extract from geopolymer exceed the
maximum allowable value. That issue should be considered before application of described
material in conditions where leachates could directly have contact with ground or water.

The number of papers devoted to addition of CRT glass to the geopolymer is limited
but a lot of successful investigations were done on the capability of encapsulation of toxic
elements inside geopolymers [138], [139], [294], [296], [297]. Results described in the above
chapter are promising with regard to the safe incorporation of CRT glass inside metakaolin-
based geopolymer matrix. The amounts of toxic metals (especially Pb and Zn) leached from
hardened material fulfill the regulatory limits. Described investigation indicates that designed
material has not only superior mechanical characteristics but is as well with high probability
safe for environment. The extent studies shall be surely performed in that field to confirm that
initial results.
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CHAPTER 6 (DISCUSSION)

The number of publications devoted to incorporation of CRT glass in geopolymer is
limited while investigations of the CRT glass replacing aggregate are extremely rare.
Therefore, in the discussion on the achieved results, there are evoked as well researches
concerning powdered glass added to geopolymer, common glass included into geopolymerin
form of an aggregate and rarely, concrete with CRT glass aggregate.

6.1 Determination of the influence of the CRT glass content on mechanical
behavior — discussion

According to [314], the increase of CRT glass aggregate content has an adversely
impact on compressive strength. The compressive strength decreased by 11% when the
metakaolin to CRT glass ratio changed from 1:3 to 1:7 and by 6% when metakolin to CRT glass
ratio changed from 1:2 to 1:3. Within this Thesis, the change of CRT glass content from 1:2 to
1:3 caused also decrease of strength, however, the decrease was smaller (only 2%).

More publications raise the topic of addition of CRT glass into the geopolymer matrix
but in form of a powder as a replacement of raw material, not an aggregate. Long et al. [307]
registered that after 7 days, both flexural and compressive strength decrease gradually with
the increase of CRT glass content. In case of both strengths the decrease is relatively small
(2-7%) up to replacement equal to 50% while the significant drop (by 18%) was registered
between samples containing 50% and 70% of CRT glass. According to [307], the decrease of
strength is related to smaller pozzolanic activity of CRT glass in comparison to slag which
results in slower geopolymerization, smaller amount of geopolymerization products and
finally in reduction of strength. By contrast, Ogundiran et al. [105] observed the increase of
compressive strength of metakaolin-based geopolymer along with the increase of powdered
CRT glass content from 0% to 20%. Badanoiu et al. [313] noted that samples containing CRT
glass only, obtained over two times higher compressive strength than samples with CRT glass
and fly ash. Moncea et al. [335] reports that the compressive strength of slag-based
geopolymer decreased along with the increase of CRT glass content. By contrast, in case of fly
ash-based geopolymer, compressive strength firstly increased when CRT glass content
increased from 0 to 11,4% and then decreased for 22,6% CRT glass content.

Some studies describe the utilization of common glass in geopolymer as a replacement
of sand. Khan et al. [322] describes the monotonic, relatively small (up to 5%) decrease of
compressive strength along with the increase of glass content. Gutierrez et al. [324] by
contrast, reports that in metakaolin-based geopolymer, the replacement of sand with glass
causes an increase of strength.

The topic of utilization of CRT glass was more often risen in the context of concrete as
the replacement of natural aggregate. In this field of science, different opinions regarding the
influence of CRT glass on mechanical behavior can be found as well. Romero et al. [273]
reports the increase of compressive strength with the increase of CRT glass content from 0 to
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20% and a small further decrease for 30% of CRT glass. Walczak et al. [276] observed that
concrete samples incorporating 100% of CRT glass instead of sand achieved higher flexural
and compressive strength than control samples containing sand. By contrast, [288], [288],
[323], [355] report decreasing compressive strength of concrete with an increase of CRT glass
content.

As presented above, opinions of scientists on the influence of CRT glass or common
glass on mechanical behavior of geopolymer and concrete as well are divided. Some sources
declare the decrease of strength [288], [307], [314], [322], [323], [355] while some of them
observed increase of strength [105], [276], [313], [324] related to the increase of glass
content. Some publications report in turn the lack of monotonic influence of glass content on
mechanical behavior of tested material [273], [335]. The lack of unambiguous effect of glass
content on strength is convergent with results presented within this Thesis. Studies which
described the change of density, reports the increase of that parameter with the increase of
glass content what is consistent with observations done by the Author [105], [324].

|
6.2 Determination of the influence of curing temperature on mechanical behavior
— discussion

The topic of the influence of curing temperature on the mechanical behavior of
geopolymer has been extensively described in the literature. However, the observations made
by different scientists are not always convergent. The most popular observation made by
scientists is that the compressive strength increases along with the increase of curing
temperature but only until the specific value of the temperature [75], [326], [327], [336],
[356], [357]. Mo et al. [327] and Chen et al. [75] observed that the seven-day compressive
strength increased monotonically along with the increase of curing temperature from 20°C to
60°C and then decreased along with the further increase of the temperature (up to 100°C).
Gorhan et al. [102] shows results where within 4 mixtures only one series achieved greater
compressive strength while cured at 80°C than at 60°C.

According to Mo et al. [327] Chen et al. [75], the low curing temperature retards the
dissolution of metakaolin particles and slows down the production of geopolymer gel. The
amount of precursor (mainly Al) dissolved during the amorphous phases, which has to
polymerize with Si particles (coming mainly from activators), is not sufficient enough to build
plenty of aluminosilicate gels. That reduces the compressive strength. Curing at the elevated
temperature helps in dissolution of Al and Si elements from the amorphous phase in
metakaolin and accelerates the rigid structure formation. In samples cured at high
temperature, the amount of geopolymer gel is sufficient for tough bonding of the metakolin
particles at the early stage of the process. What is more, the rise of curing temperature helps
removing water from the system what causes more rapid formation of gel phase and increases
strength. The influence of elevated curing temperature is more visible at the early-stages of
geopolymerization process. In turn, too high curing temperature may lead to the situation
when initial and final setting time are too short and the dissolved precursors are reacting too
rapidly. Consequently, the part of metakaolin particles can be covered with gel before
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dissolution what stops the process and prevent building the compact and strong structure.
Moreover, high curing temperatures can lead to the rapid dehydration and shrinkage what
results in microcracks.

In turn, Ekaputri et al. [101] reports the small (about ~1-2%) but monotonic increase
of the compressive and tensile splitting strength along with the increase of the curing
temperature even up to 80°C. A monotonic increase of strength with the increase of curing
temperature was also reported by Alonso et al. [109] and Hardjito et al. [28]. According to
Alverez-Ayuso et al. [110], the compressive strength of fly-ash based geopolymer samples
cured at 80°C is higher than compressive strength of samples cured at 40°C and 60°C (those
values were close to each other).

By contrast, Rovnanik [334] indicates that compressive and flexural strength of
metakaolin-based geopolymer increases along with the increase of curing temperature only
on early stages of curing process (after one day). As early as after 3 days, the compressive
strength of samples cured at 20°C was higher than of those cured at 60°C and 80°C. Author
explains that the elevated curing temperature helps to gain high early strength but causes
greater porosity of the structure and less effective compaction of samples, thus, affecting the
guality and lowering long-term strength.

The results presented within this Thesis are the most convergent with observations
presented by Ekaputri et al. [101] and Rovnanik [334]. Rovnanik reports that after 7 days, the
highest compressive strength was obtained by samples cured at the very beginning at 40°C.
Compressive strength of samples cured at 20°C were only 4% smaller. In this Thesis, two out
of four series of samples achieved after 7 days the highest compressive strength while curing
all the time at the room temperature. In one case the highest compressive strength was
achieved by samples cured at the beginning at 40°C. The differences between the following
results presented in this Thesis were very small what is, in turn, convergent with results
presented by Ekaputri et al. On the other hand, Ekaputri et al. indicates the small increasing
tendency of the compressive strength along with the curing temperature which was not
registered in tests done within this Thesis. Ekaputri et al. observed that the flexural strength
also increases with the increase of the curing temperature. Results presented within Thesis
also shows increasing tendency of the flexural strength however with a bigger differences than
noticed in [101]. The increase of flexural strength along with the increase of curing
temperature was also reported by Alonso et al. [109].

The density of samples tested within this Thesis generally decreases with the increase
of the curing temperature what is convergent with data presented in several papers [102],
[334], [336].

|
6.3 Determination of the temperature and strength changes over time -
discussion

Davidovits et al. [166] presents the temperature changes inside metakaolin-based

geopolymer cured at 85°C, 60°C and 40°C. Mixtures were based on metakolin only (no
aggregate addition) and activated with NaOH of concentration 12 mol/L. The exothermic peak
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(maximal temperature) inside samples was achieved quicker in those one cured at higher
temperatures. In samples cured at 40°C, the maximum temperature (~70°C) was achieved
after approximately 3,5 hours of curing. The maximum temperature was much higher than
the one achieved within this Thesis (~¥47°C). An exothermic peak took place earlier than in this
Thesis as well (~3,5 hour versus 6 or 7 hours in samples containing metakaolin to CRT glass in
ratio 1:1 and 1:3 respectively). The higher maximum temperature developed in the material
can be caused by the higher NaOH concentration [36], [339], [342] and the lack of aggregate
(within this Thesis, the higher temperature was achieved in samples with smaller amount of
aggregate as well). Davidovits et al. did not register on the graph the first exothermic peak
and the small drop of temperature just after placing of mixture in moulds. Scientists explain,
that the first exothermic peak took place in the bowl, while mixing. According to [166], the
intensity and speed of the exothermic polycondensation depend on curing conditions (mainly
temperature) and alkalinity of soluble materials. Yao et al. [36] describes the
geopolymerization process carried out at ambient temperature by isothermal calorimetry.
Scientists observed the first exothermic peak in the moment of mixing of metakaolin with
activator. According to [36], the first peak is related to the breaking of Si-O and Al-O bonds on
the surface of particles, during the dissolution of metakaolin particles in alkaline solution,
which is an exothermic process. After the first peak, the reactions are slowing down, what
results in the decline on the heat evolution graph. The second exothermic peak is related to
the rapid breaking down of metakaolin particles. The further increase of the heat evolution
takes place together with the polymerization of the deconstruction products into gels.
Granizo et al. [339] presents the similar division into particular phases of deconstruction of
metakaolin and building the hard matrix. Observations has been made on the basis of results
of isothermal conduction calorimetry. The presence of three exothermic regions is confirmed
by Kuenzel et al. [340] as well. According to [340], the differences in the rate of heat output
can be caused by the source of the basic material (metakaolin). The presence of the last
exothermic peak varied from ~20 hours to over 80 hours in dependence on the metakaolin
type.

Zhang et al. [341] used isothermal conduction calorimetry to determine the
geopolymerization kinetics of metakaolin-based geopolymer. Scientists indicate two
exothermic peaks assigned to respectively: the dissolution of metakolin particles and the
geopolymeric gel formation. In case of geopolymer cured at 40°C, the first peak took place
after about 3-6 min (in dependence on alkali concentration) and the second one after 40 min
—1h 40 min. Scientists observed as well, that the heat evolution rate is higher and peaks took
place earlier along with the increase of curing temperature. According to Zhang et al., the lack
of the third peak is caused by the type of activator (in NaOH activated systems, the third peak
is related to the reorganization of gel during the NaOH activation of metakaolin).
Buchwald et al. [342] also indicates two visible peaks in heat evolution diagram of ambient-
cured geopolymer. The first — initial and sharp peak was caused by dissolution of solid
particles. The second one (related to condensation process) took place 2 to over 14 hours after
mixing in dependence on composition of geopolymer. The higher concentration of activator
lead to quicker appearance of the second peak. The peak was higher as well.
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The topic of the influence of time on mechanical behavior of geopolymer has been
extensively explored and presented in the literature.

The tendency of the increase of strength along with the curing time (observed in the
case of samples from series M/G 50/50) is convergent with observations presented in the
series of publications [101], [105], [307], [322], [327], [357]. Besides, some of the papers
confirm the most rapid increase of strength between 3™ and 7™ day of curing [101], [327].
Khan et al. [322] observed that the growth rate is decreasing for the following curing days
what is convergent with results presented in Thesis but only for samples containing 50% of
CRT glass. By contrast, some scientists reports the lack of the dependence between day of
curing and strength of tested geopolymer [335].

Moncea et al [335] observed the decrease of strength along with the increase of CRT
glass content. Long et al. and Khan et al. [307], [322] report that samples containing 50% of
glass achieves higher strength than samples containing around 70% of glass. In turn,
Badanoiu et al. [313] observed the opposite tendency — the compressive strength of samples
with 75% of CRT glass overpassed strength of samples with 50% of CRT glass. Additionally, the
strength of samples with 50% of glass decreased in time while strength of samples with 75%
of glass remained stable what is opposite to observations made within Thesis. The increase of
strength along with the increase of CRT glass content is as well reported in [105].
Zhang et al. [357] reports that addition of 50% of powdered glass increases strength of
geopolymer cured at elevated temperatures.

The increase of density of geopolymer along with the increase of CRT glass content
observed in this Thesis as well found a confirmation in the literature [105].

Obtained results obtained are the most convergent with those one presented by
Long et al. [307] and partially with Khan et al. [322]. However, there are significant differences
between procedures described in each of cited publications and the test presented in this
Thesis. Therefore, only the general comparisons can be made. The lack of more similar tests
indicates that the topic risen within this Thesis is useful for the current knowledge about
geopolymers.

|
6.4 Determination of the influence of curing temperature and curing time on
mechanical behavior — discussion

According to tests described in Thesis, the compressive strength of samples cured at
40°C exceeds strength of samples cured at 20°C up to 14" day of curing, when the dependence
is reversed. The flexural strength of samples cured at 20°C remains smaller through the whole
curing time. The supremacy of compressive strength of geopolymer cured at elevated
temperature at early age is confirmed by other studies [47], [101], [327], [334], [338], [343],
[357]. According to part of sources, like in this Thesis, the is decreasing in time and then is
reversed (around 28™ day) [334], [338], [343]. In contrary to results achieved in Thesis,
Rovnanik [334] found that the flexural strength of samples cured at 20°C exceeded strength
of samples cured at 40°C after 7t day of curing.
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Tests described in Thesis has shown that geopolymer cured at 40°C gains strength
more rapidly during the first days of curing than geopolymer cured at the room temperature.
That dependence was as well observed by other scientists [327], [334], [343]. According to
[334], the high temperature of curing rises the degree of geopolymerization process what
enlarges the amount of reaction products and leads to the faster development of strength.
Onthe other hand, in the low temperatures, geopolymer builds its structure more slowly what
effects in lower porosity, higher toughness and finally, enhances the quality.

The biggest increase of compressive strength of samples cured at 20°C was observed
within this Thesis between 15t and 3" day of curing. The same observation was noted in [327],
[334].Inturn, [101], [343] reports the biggest increase of strength of samples cured at ambient
temperature between 3™ and 7t" day of curing, while Nasir et al. [338] between 7t" and 28t
day of curing. According to tests done in Thesis, samples cured at 40°C gained the most rapidly
compressive strength between 3™ and 7™ day what is confirmed by several other studies
[101], [327], [338]. By contrast, Rovnanik [334] observed the biggest increase of strength of
samples cured at 40°C between 1t and 3™ day while Dezfouli et al. between 7t and 28™ day.

|
6.5 Determination of the influence of sodium hydroxide concentration on
mechanical behavior — discussion

Results obtained within this Thesis are convergent with the majority of tests presented
in the literature where is generally proven that strength of geopolymer enlarges with the
increase of sodium hydroxide concentration [28], [71], [98], [108], [110], [358]. However, the
reported in the publication’s growth is not linear and usually the highest concentration is not
indicated as optimal. Some researchers observed the decrease of strength for high NaOH
molarities however, this behavior concerns values higher than tested within Thesis (15 mol/L
[71] and 16 mol/L [98]). The compressive strength results show the biggest convergence with
those one presented by Wang et al. [108] since the greatest increase of strength took place
for samples activated with 8 and 10 mol/L NaOH while differences between 6 and 8 mol/L as
well as between 10 and 12 mol/L were relatively small. Flexural strength results are more
difficult to compare since this type of strength is less frequently presented in the literature.
The dependence between NaOH molarity ranging from 6 to 10 mol/L and flexural strength is
similar to the one described in [108] since the strength increases along with the increase of
NaOH concentration. However, Wang et al. observed the rapid increase of flexural strength
for 12 mol/L NaOH while the Author noticed for this value the small decrease of the flexural
strength. In this point the result is convergent with the work of Alonso et al. [109] who
observed the gradual decrease of flexural strength for the NaOH concentrations exceeding
10 mol/L. The density of a geopolymer had a tendency to growth with the increase of NaOH
molarity what is convergent with data found in the literature [28], [108], [358]. The loss of
workability along with the increase of NaOH concentration is as well validated by results
achieved by the other scientists [36], [71].

According to the literature, at the first stage of the geopolymerization process, the
growing concentration of the activator leads to the increase in the rate of reaction heat
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evolution. In geopolymers containing activator of high concentration, the peak of heat
evolution rate takes place earlier and the peak is higher than in geopolymers activated with
NaOH of lower concentration [36] [98]. The higher concentration of sodium hydroxide
provides enhanced dissolution of metakaolin particulates and leads to the production of more
reactive bond for monomer what increases inter-molecular bonding strength and, as an effect,
leads to the creation of more compacted geopolymer with higher strength. However, too high
concentration can be undesirable to polymerization due to the residual raw material particles
present in the geopolymer matrix [36] [108], [358]. The enlarging amount of unreacted
particles with the fact that high alkali concentration increases the setting rate and reduces the
time for dissolution of metakolin particles [358]. The excessive increase of NaOH molarity may
leads to the increase of pH of the mixture in the liquid phase which results in favoring anionic
forms of silicate what delays the polymerization process (the polymerization takes place
guicker when components are in the molecular forms). Moreover, the high concentration of
activator increases as well the ion’s species concentration implicitly reducing their mobility
which leads to the delay of the formation of coagulated structures [109].

|
6.6 Determination of the influence of CRT glass particle size on mechanical
behavior — discussion

The number of publications describing the influence of glass particle size on the
geopolymer strength is limited. The majority of papers found by the Author indicates the lack
of the strict and clear dependence between the size of glass particles and mechanical behavior
of geopolymer or concrete what is convergent with results achieved in this Thesis [314], [359],
[360]. Opletal [314] reports two comparisons where once the compressive strength increased
and once decreased along with the increase of micro fractions content. Zhang et al. [357]
reports the decrease of strength along with the increase of glass particle size, however, only
the micro fractions were used during the test. Zhang et al. [359] observed that the highest
compressive strength was achieved by geopolymer samples containing glass of all sizes mixed
together, what is convergent with results presented within this Thesis. In turn, the
compressive strength of OPC concrete increased along with the increase of particle size.
According to the results [359], the density was decreasing along with the increase of glass size
what is divergent with results presented within this Thesis where samples geopolymer with
higher CRT glass size was characterized by higher density. Yang et al. [360] reports that despite
the differences in glass particle size, concrete blocks achieved almost the same compressive
strength. The density of material increased along with the increase of glass size. The behavior
of both measured characteristics is similar to the behavior presented within this Thesis.

6.7 Determination of the change of mechanical behavior over time — discussion

The influence of curing time on mechanical behavior of geopolymer has been discussed
inthe previous subsections (6.3 and 6.4). Therefore, in the following Chapter, only the changes
in strength after 28 days of curing are considered. Ekaputri et al. [101] reports that
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compressive strength of metakaolin-based samples increases by 4% between 28" and 56" day
of curing. Dezfouli et al. [343], shows the increase of compressive strength by 2% in ground
glass fiber and fly ash-based geopolymer during the same time period. Those results are close
to findings reported in this Thesis where compressive strength increased by 7% between 28"
and 56" day of curing. Moncea et al. [335] reports the minor increase of strength (by ~1-4%)
of slag-based geopolymer and more significant increase (by ~20-40%) of fly ash-based
geopolymer between 28" and 90" day of curing. Khan et al. [322] observed the increase of
compressive strength between 28™ and 90" day ranging from 8% to 11%. Findings presented
by Khan et al. and by Moncea et al. (only slag-based geopolymer with no CRT glass) are
convergent with result from this Thesis where compressive strength increased by 5% in the
same period.

. __________________________________________________________________________________________________________________________________________|
6.8 Determination of the porosity — discussion

Latella et al. [352] reports that open porosity and bulk density of metakaolin-based
geopolymer with sand aggregate, cured for 24 hours at 60°C are equal to respectively 20% and
1,60 g/cm3. Samples were characterized with similar compressive strength to the one
presented in this Thesis (70 MPa). Reported open porosity is higher than in Thesis (13,64%),
while the density value is lower than the one determined in Thesis (1,80 g/cm3). Hao et al.
[353] observed that bulk density decreases from 1,42 g/cm3 to 1,35 g/cm? with the increase
of glass powder from 0 to 40% (replacement of metakaolin by mass), while porosity increases
from 42,31% to 45,84% along with the increase of glass content. Gutierrez et al. [324] tested
metakaolin-based geopolymer with sand replaced partially by glass. According to [324], bulk
density increases along with the increase of glass content from 2,30 g/cm?3 to 2,48 g/cm?3.
According to [324], both water absorption and total porosity decreased along with the
increase of glass content. Samples containing crushed glass only (no sand) were characterized
by water absorption and porosity equal to respectively 11,5% and 22,7%. Both values are
higher than in this Thesis (7,63% and 13,69% respectively). EI-Naggar et al. [50] reports that
28 days bulk density of metakaolin-based geopolymer with 7% of waste glass addition cured
at ambient temperature is equal to ~1,93 g/cm?® while porosity is equal to ~19%.
Clausi et al. [94] tested metakaolin-based geopolymer with sand as fine aggregate. According
to results, porosity of material depends on H,0/Na,O molar ratio and ranges from 21,5% to
31,8%. Ekaputri et al. [101] reports that closed, open and total porosity of metakaolin-based
geopolymer (no aggregate) cured at ambient temperature is equal to respectively ~8,7%,
14,7% and 23,7%. The total porosity is higher than the one in this Thesis (13,69%). In turn, the
open porosity of geopolymer reported by Ekaputri et al. is much lower and states much
smaller ratio of total porosity than open porosity determined within this Thesis (13,64%).
According to Ekaputri et al., the curing temperature is not influencing density of geopolymer
which is equal to about 1800 kg/m?3 which is value convergent with the one described in this
Thesis.
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6.9 Physicochemical characteristics — discussion

Results achieved within this Thesis show that the number of particular elements
leached from pure CRT glass is higher than from hardened geopolymer incorporating CRT
glass. Comparatively substantial difference between the content of lead present in leachate
from not-stabilized soils (raw material and milled CRT glass) and from geopolymer with CRT
glass was previously reported by Ogundiran et al. [105]. According to [105], the amount of
leached Pb is limited by over 91% when CRT glass is incorporated in geopolymer matrix (for
maximal CRT glass content equal to 20% by mass). The very similar result is reported by Carrillo
et al. [310] who reports the decrease of Pb leaching at level of about 92% comparing the pure
CRT glass and metakaolin-based geopolymer containing 20% of CRT glass. The examined
material fulfills the limits for toxic metals leaching. However, [310] observed that the
immobilization ability is strongly dependent on the composition of a mixture and promoted
by the low alkaline conditions. Gao et al. [302] reports that Pb leaching was limited by almost
90% after immobilization inside fly ash-based geopolymer matrix. An excellent immobilization
capability of Pb coming from CRT glass inside the ground granulated blast furnace slag-based
alkali activated matrix was derived also by Long et al. [307]. The amount of Pb present in
leachate from not-stabilized materials was much higher than in leachate from hardened
geopolymer. In sample containing 50% of CRT glass by mass, the leaching of CRT was reduced
by over 94% in comparison to unreacted material. According to [307], the replacement of raw
material with CRT glass up to 50% is not harmful for environment considering the Pb leaching.
Results presented in this Thesis, where the amount of leached Pb was decreased by over 92%
(for 50% of CRT glass content by mass) are convergent with previously reported studies.
Moncea et al. [335] reports that slag-based and fly ash-based geopolymer containing 22,6%
of powdered CRT glass fulfills the regulations for maximal lead emission and can be used as
a building material without any restrictions. According to Long et al. [308], slag and fly ash-
based geopolymer containing sand to CRT glass in mass ratio 1:1 fulfills the regulatory limits
for Pb leaching but only when fly ash replaces slag in 0, 30 and 50%. Geopolymer with higher
fly ash content does not fulfill Pb leaching limits. The amount of leached Pb was reduced by
96,1-99,1% in comparison to non-stable CRT glass. Garcia-Ten et al. [361] registered a great
improvement in immobilization of CRT glass after incorporation inside fly ash-based
geopolymer matrix. Moreover, scientists emphasize that the efficiency of immobilization ratio
increase along with the increase of CRT glass particle size.

By contrast, Opletal in his Master Thesis [314] found out that Pb and Zn are leached
more easily from metakaolin-based geopolymer than from not-stabilized crushed CRT glass.
The increased leachability of Zn is explained by author of the cited Master Thesis by the fact
that that Zn element form oxyanions which are more easily released and soluble at high pH.
Although, the explanation is not convergent with results presented in Table 5.2.1 where the
content of Zn in extract from CRT glass is much higher than in extract from geopolymer which
has much higher pH. The increased leachability of Pb is explained in [314] by possibly not equal
proportion of conical glass in compared samples. In the same work [314] slag-based
geopolymer is reported to decrease leachability of Pb. Thomas Opletal [314] reports that the

123



pH was ranging from 10,7 to 11,3 in dependence on the exact composition of metakaolin-
based geopolymer. Catauro et al. [303] reports that after 28 days, metakaolin-based
geopolymer containing 40% of powdered CRT glass shows pH at the level of about 10,5. This
results is close to the result obtained within Thesis (28" day geopolymer had pH equal to 11,0).
According to [303], pH is falling dawn along with the age of geopolymer. In contrary to results
from this Thesis, the Pb leaching from geopolymer containing CRT glass was increased by over
115% in comparison to the pure CRT glass.
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CHAPTER 7 (SUMMARY AND CONCLUSIONS)

The main goal of this Thesis was to evaluate if discarded crushed CRT glass can be
applied as an aggregate in metakaolin-based geopolymer and to asses if metakaolin-based
geopolymer with CRT glass can be potentially used as a building material considering chosen
aspects (mostly the mechanical behavior). Additionally, the aim of this Thesis was to describe
properties of metakaolin-based geopolymer with CRT glass and to determine the influence of
chosen factors on its characteristics.

The last subsection of Chapter 2 “2.6 State-of-the-art critical analysis and summary”,
has been concluded with the following main deficiencies in the existing works devoted to
geopolymer incorporating CRT glass: limited amount of works devoted to application of CRT
glass in geopolymer in form of an aggregate, lack of in-depth investigation of one chosen type
of geopolymer including determination of both compressive and flexural strength, density,
porosity and toxic metals leaching as well as factors influencing mechanical strength
(concentration of activator, size of aggregate particles, curing regime etc.). In the light of
observed deficiencies, an Author made an extensive investigation on metakaolin-based
geopolymer incorporating crushed CRT glass from the local waste disposal. The working
process was divided into three main stages: preliminary research, main research and
complementary research.

The main part of preliminary research was proceeded by the determination of CRT
glass properties, determination of the influence of the CRT glass batch on the mechanical
behavior of the geopolymer and comparison between geopolymer containing CRT glass with
geopolymer containing sand. Then, Author was searching for an optimal mixture where the
main variable was metakaolin to CRT glass mass ratio. In the next part, the influence of the
curing temperature on the mechanical behavior was determined. The further investigation
described the change of the strength over time and changes of temperature inside the
geopolymer during curing process and was conducted on the optimal mixtures cured at the
optimal curing conditions (both variables were chosen in the previous steps). The preliminary
research was concluded with determination of one optimal mixture containing metakaolin to
CRT glass in ratio 1:1.

The main research contained determination of the influence of curing time and curing
temperature as well as activator concentration and CRT glass size on the mechanical
characteristics. The flexural and compressive strength changes over time were determined as
well.

The complementary tests have been conducted on the mixture containing CRT to
metakolin in mass ratio 1:1 and cured at the ambient temperature. The tests included
determination of porosity, density and physicochemical analysis of aqueous extracts from the
hardened material and non-stable CRT glass.

The following conclusions were drawn during the research process:

e The CRT glass content does not influence significantly the mechanical behavior of

geopolymer. However, in this Thesis only the mixture containing metakaolin to CRT
glass in ratio 1:1 was subjected to the extended analysis while the maximal preliminary
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tested CRT glass content was equal to 75% (by mass). Moreover, one should be aware
that the mechanical behavior of mixtures containing different amount of CRT glass
should be investigated carefully since the characteristics of geopolymer made of
various mixtures can change in time. For instance, the mechanical strength of
geopolymer containing metakaolin to CRT glass in ratio 1:1 increased in time while
geopolymer containing metakaolin to CRT glass in ratio 1:3 had tendency to lose the
strength in time. Moreover, one should be aware that the increase of CRT glass content
decreases workability of the mixture and increases density of the material.

e Elevated curing temperature (during the research samples were cured at 40°C and
60°C) provides high early strength and ability of quick demolding (after 1 day of curing).
Geopolymer cured at the ambient temperature has lower early strength and has to be
kept longer in moulds to avoid cracking. However, long-term strength of geopolymer
cured at ambient temperature surpass strength of geopolymer cured at elevated
temperature. Besides, curing in ambient temperature is more economic and
environmentally friendly solution.

e Sodium hydroxide activator of low concentration is cheaper and more environmentally
friendly solution although, it results in lower flexural and compressive strength. High
concentration increases strength but decreases workability of the mixture. During the
research only concentrations in range 6-12 mol/L were investigated.

e Tested geopolymer shows the similar mechanical behavior (flexural and compressive
strength) independently on the aggregate size. Maximal particle size used during the
research was equal to 4 mm.

e The temperature inside material during curing increases along with the increase of
metakaolin content. Temperature inside the material surpasses the external
temperature (temperature in climatic chamber) by 24% and 15% respectively to the
metakaolin content. Tests were done on samples of dimensions 40x40x160 mm.

e The number of toxic metals (lead, cadmium and chromium) leached from hardened
material is reduced in comparison to amount of the same elements leached from
unbounded CRT glass. The number of listed elements leached from hardened
geopolymer fulfills the limit values.

Conclusions drawn in reference to hypothesis presented in Chapter “1.3 Hypotheses
and limitations”:

1. Conducted tests have shown that CRT glass can be used as an aggregate without any
special pretreatments in metakaolin-based geopolymer. During the research, tests has
been done with the use of CRT glass from several batches. Flexural and compressive
strength results achieved on geopolymer of the same composition and subjected to
the same curing regime were similar independently on the batch of CRT glass. The size
of used CRT glass particles did not show any significant impact on the strength as well.
The toxic metals leaching test made with the use of atomic absorption spectrometry
method has shown that geopolymer containing CRT glass which was not subjected to
any pretreatment before application into the mixture, does not pose an environmental
threat.
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2. Metakaolin-based geopolymer with CRT glass is characterized by good mechanical
characteristics. In dependence on various factors, it can achieve flexural strength equal
to about 5-6 MPa and compressive strength equal to 50-60 MPa (long term
compressive strength can reach over 70 MPa). The average density after demolding is
equal to about 2100 kg/m3 (about 2000 kg/m3 when cured at elevated temperatures)
and decreases with time to about 1850 kg/m3. The characteristics listed above are
good enough to consider tested geopolymer as a building material (regarding only to
the investigated features of the material). Flexural and compressive strength can be
compared with high quality concrete. Material is relatively brittle what should be taken
into account during designing. The issue of application of tested material as a structural
building element requires the essential further future analysis including the
description of rheology, durability, an impact of material on living organisms and on
reinforcement.

3. Metakaolin-based geopolymer with CRT glass has been cured both at ambient
temperature and at elevated temperatures (40°C or 60°C for the first 24 hours).
Independently on the curing regime, geopolymer achieved acceptable values of both
flexural and compressive strength although, curing temperature had more visible
impact on flexural than on compressive strength. Geopolymer cured at ambient
temperature has to be kept in moulds longer than geopolymer cured at elevated
temperature to avoid cracks. According to the observations, demolding of geopolymer
cured at ambient temperature after 7 days is enough to avoid extent shrinkage and
cracking of the material.

4. According to the toxic metals leaching test made with the use of atomic absorption
spectrometry, the number of heavy metals leached from the broken, hardened
metakaolin-based geopolymer containing CRT glass fulfills required regulations.
Moreover, the amount of chosen heavy metals leached from the hardened material is
considerably smaller than from non-stabilized CRT glass what means that
incorporation of CRT glass into the geopolymer matrix limits leaching of toxic
elements. The only investigated characteristic which did not fulfill regulatory limits was
pH which was slightly below the lowest allowed value. That issue should be taken into
account during the future researches together with the following essential problems
such as the behavior of material in different humidity or the accordance with the
exposure classes.
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CHAPTER 8 (DIRECTIONS FOR FURTHER RESEARCH)

The investigation presented in this Thesis is an important contribution to the topic of
the possibility of application of metakaolin-based geopolymer with CRT glass as a building
material in the civil engineering branch of science. However, the performed tests state only
the first part of the whole investigation process which should be done before acceptation of
new material and its application on construction sites. Therefore, the author is planning to
continue investigation on metakaolin-based geopolymer with aggregate in form of CRT glass.
One of the first future steps will be the determination of durability of geopolymer of new
composition developed within this Thesis. The changes of the strength through the years, the
influence of wet conditions and influence of freeze and thaw cycles on mechanical behavior,
the rheology as well as an impact of material on living organisms and on reinforcement are
obligatory directions of further investigation if new material is to be applied in civil
engineering. Obviously, the author is planning also big-scale tests. The consideration of big
size construction units implies consideration of aggregate of bigger fractions than used so far.
The author is weighing up prospects of application of bigger CRT glass particles or conjunction
of CRT glass as a fine aggregate with one of commonly used coarse aggregates.

The next important direction is the determination of the mechanical behavior in the
multiaxial stress state and determination of the boundary surface of the geopolymer.
Determination of the boundary surface of geopolymer allows for the establishment of its
material model which could be introduced to appropriate software for numerical analyses. It
enables designing construction elements made of geopolymer using the computer software.
The main idea, procedure and first attempts of determination of the boundary surface of
geopolymer basing on another precursor (tungsten mine waste mud) is described by the
author of this Thesis and coauthors in [332].

An extension of scientific research in the area of possible negative impact of tested
geopolymer on the human health and the environment is also the important path of further
investigation. The leaching tests presented in section “5.2 Physicochemical characteristics”
indicates that heavy metals are effectively neutralized within the matrix, nevertheless, tests
should be extended especially, if discussed geopolymer is to be considered for the external
applications. Tests should cover among the others the influence of the material fatigue and
any possible external impacts on the heavy metal’s encapsulation capabilities.
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Abstract

Nowadays, the world is facing serious environmental problems. The huge emission of
CO,, the enlarging consumption of water and the quantity of discarded waste are one of the
existing threats. Scientists are looking for new, environmental friendly solutions in many
branches. The concrete manufacture is responsible for significant amount of released CO; and
consumed water. The part or total replacement of concrete by other materials in some
investments is one of the possible ways to help the environment. The geopolymer, material
created by mixing of an aluminosilicate powder (precursor) and liquid activator, is considered
as an excellent alternative for a concrete. Geopolymer has similar mechanical properties and
can be casted, but its manufacture requires less water and emits less CO,. Moreover, the
production of geopolymer enable to reuse the various types of waste. This, recently
extensively explored material, has a long history and numerous potential applications such as
in the role of a building material, in restoration of monuments, in stabilization of hazardous
waste, in reparation of existing structures, in 3D printing, in self-repairing materials and in
protection of concrete or steel structures.

Geopolymers states the subject of the numerous researches all over the world but its
characteristics are still not fully known. The majority of existing works focuses on the
composition with some kind of waste in the role of a precursor and the natural aggregate
(mainly sand). The following Thesis presents the new type of geopolymer which consists of
metakaolin and crushed, discarded CRT glass in the role of an aggregate. The described
geopolymer can help the environment by being the alternative for a concrete. Moreover, it
proposes the new kind of waste aggregate for geopolymers production and states the method
of recycling of CRT glass which disposal is considered as a serious environmental threat
because of the Pb content. The works on geopolymer with CRT glass aggregate states the
completion of existing researches which present mainly the use of CRT glass in powdered
form. Additionally, this Thesis presents a deep study on one type of geopolymer containing
CRT glass, as an answer to the defined deficiencies in the existing publications.

This Thesis presents three stages of research on the novel, metakaolin-based
geopolymer with CRT glass aggregate. The initial research contains description of all used
materials and research methods, the determination of optimal CRT glass content,
determination of the optimal curing temperature, the measurement of temperature changes
inside the cured geopolymer and change of the strength over time. In all tests, both the
flexural and compressive strength have been examined. As the result of the initial tests, the
one optimal mixture has been chosen for the next part of the research. The main part focuses
on the influence of different factors on geopolymer’s mechanical behavior. The change of the
strength over time of samples cured at different temperatures has been compared. Then, the
influence of the activator concentration and the CRT glass particle size have been determined.
The last part presents the complementary tests and contains the determination of porosity of
geopolymer and its physicochemical characteristics, including the ability to stabilize the
chosen heavy metals present in the CRT glass.

This Thesis is concluded with the summarization of all results with respect to the
determined deficiencies in the existing works and with initially assumed goals. At the very end,
the directions for the further research have been introduced.
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List of symbols

Al —aluminum

AlO;4 - aluminate oxyanion

Al,03 — aluminum oxide

As —arsenic

b — width of sample

Ba — barium

BaO — barium oxide

Ca —calcium

CaCOs; — calcium carbonate

Ca0 — calcium oxide

Cd — cadmium

Cl —chlorine

Co — cobalt

CO, — carbon dioxide

Cr —chromium

Cu - copper

°C — Celsius degrees

g/cm3 — gram per cubic centimeter
g/mol — gram per mole

h —hour

h — height of sample

Hg - mercury

H,0 — dihydrogen monoxide (water)
Fe —iron

Fe,03 — ferric oxide

fc — compressive strength

f'. — specified compressive strength
f.m — mean cylinder strength

f.tf — mean characteristic flexural
fr — modulus of rupture

fx — flexural strength

K — potassium

K20 — potassium oxide

KOH — Potassium hydroxide

| - liter

I, — distance between supports

M - molar

MgO — magnesium oxide

M/G — metakaolin/ CRT glass

mm — millimetre

Mn - manganese

kg/m?3 — kilogram per cubic meter
mg/m? — milligrams per square meter
mg/l — milligrams per litre

Mn — manganese
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MPa — megapascal

m; - mass of dry sample, measured in air

m; - mass of saturated sample, measured in water
ms - mass of saturated sample, measured in air
Na — sodium

Na+ - sodium ion

Na,O — sodium oxide

NaOH — sodium hydroxide

Ni — nickel
N/s — Newton per second
O —oxygen

OH" - hydroxide

P - maximal compressive force in the moment of sample failure
pH — potential of hydrogen

Pb —lead

PbO —lead monoxide

Po — open porosity

Pt — total porosity

SO, — sulphur dioxide

Si —silicon
SiO; —silicon dioxide
Sn—tin

Vp — apparent volume

WA — water absorption

X-ray —roentgen radiation

Zn —zinc

Um — micrometer

pa — 0,001205 g/cm? - density of air in temperature 20 + 1°C

pp — apparent density of sample

ps — density of sample

pw — 0,998203 g/cm? - density of deionized water in temperature 20 + 1°C
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List of abbreviations

AAS — atomic absorption spectrometry

ACI — American Concrete Institute

AGH — Akademia Goérniczo-Hutnicza

3D —three dimensional

CFC - Cold Fusion Concrete

CoV — coefficient of variation

CRT — cathode ray tube

CT — computerized tomography

DSC - differential scanning calorimetry

EDX — energy dispersive X-ray analysis
EDXRD — energy dispersive X-ray diffractometry
EN — European Norm (European Standards)

ESEM - environmental scanning electron microscopy

Et al. — et alia (and others)

GGBFS - ground granulated blast furnace slag
i.e.—id est (that is)

LCD - liquid crystal display

LED - light-emitting diode

NMR - nuclear magnetic resonance

OPC — ordinary Portland cement

PCM — phase change materials

PDP - plasma display panels

PN — Polska Norma

RTC — real time clock

S.A. —societe anonyme (public limited company)
SD — secure digital

SEM — scanning electron microscope

TCLP — toxicity characteristic leaching procedure
U.S. — United States

WEEE — waste electrical and electronic equipment
Wi-fi — wireless fidelity

wt% - percentage by weight

XRD — X-ray diffraction

XRF — X-ray fluorescence
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SUMMARY

CHAPTER 1 INTRODUCTION

The chapter contains the description of background and motivation for the work together with
the definition of the problem — the escalating environmental problems, mainly with CO, emission
and water sources. Geopolymer (the mixture of aluminosilicate material called a precursor and
liquid activator) is considered as an environmentally friendly alternative for ordinary Portland
cement concrete which production consumes significant amounts of water and is responsible for
significant CO, emission. Despite savings on CO, emission and extent water consumption,
geopolymer allows to reuse many kinds of industrial waste (including the hazardous one) inside
its matrix. The use the various kinds of waste as the precursor is popular, but the aggregate role
is still the most often played by natural materials such as sand. This Thesis respond for that issue
offering solution in the form of discarded, crushed CRT glass aggregate. The reuse of CRT glass
inside geopolymer in form of an aggregate offers simultaneously the solution of the problem of
safe recycling of that hazardous waste
The chapter presents as well four research hypotheses:

Hypothesis 1: Discarded CRT glass can be used in metakaolin-based geopolymer in the role of
aggregate without special pre-treatment.

Hypothesis 2: Metakaolin-based geopolymer with CRT glass can be considered as a building
material, regarding to the flexural and compressive strength

Hypothesis 3: Metakaolin-based geopolymer with CRT glass can be cured in different
temperatures without crucial impact on strength.

Hypothesis 4: The incorporation of CRT glass inside metakaolin-based geopolymer reduces the
danger of environment pollution with heavy metals.

The chapter emphasis also the main aim of this thesis — the presentation and description of
the metakaolin-based geopolymer with CRT glass as potential building material together with
proposition of the new way of CRT glass recycling — and the minor goals such as: the summary of
existing knowledge about the raised topic, the description of the influence of various factors on
mechanical behavior of geopolymer, the determination of porosity, density and leaching of heavy
metals, the comparison of achieved results with results presented in scientific literature, the
summary, conclusions and determination of future goals.

Finally, the chapter shows the organization of this Thesis and characterizes briefly each of eight
main chapters.

CHAPTER 2 STATE-OF-THE-ART

The chapter begins with the description of general characteristics of geopolymer with the
special emphasis on the chemical characteristics. Geopolymerization is concluded as the process
built of three main stages: deconstruction, polymerization and stabilization. Further, the most
popular types of precursors are listed and described (metakaolin, fly ash and ground granulated
blast furnace slag) but the rarely used are mentioned as well. As the most popular activators there
are indicated sodium silicate and sodium hydroxide or potassium hydroxide. Then, the most
popular methods of mixture designing are presented. Most of scientists adjusts components of
the mixture to obtain the desired Si/Al ratio and Na/Al ratio.

The chapter introduces as well the historical background, starting from the potential ancient
beginnings (Jospeh Davidots should be mentioned here as the father of those ideas), through the
first published researches (as the most notable scientists should be listed here Hans Kuhl, Arthur
Oscar Purdon and years later — Victor Glukhovsky) finishing on undeniable Polish input of
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professor Jan Matolepszy, Jan Deja and Wiestawa Nocuni-Wczelik. The next part focuses on the
more current works carried on all-over the World: in Great Britain, Australia, China, Spain,
Portugal, France and United States. The special emphasize has been put on researches done by
Jannie van Deventer and John Provis. Finally, the works currently carried on in Poland have been
described, focusing mainly on researches published by scientists from Cracow University of
Technology and Silesian University of Technology: professor Janusz Mikuta, professor lzabela
Hager, professor Jan Kubica, professor Marcin Gdérski and works published by the Author of this
Thesis.

Further, the various possible applications of geopolymers have been described. The civil
engineering branch includes the masonry units, pavements, culverts, roof tiles and even the
airport runways. Due to the high fire and chemical resistance as well as anti-corrosion properties,
geopolymers found application as protective layers for reinforced concrete and steel. The less
popular applications include: self-healing materials, 3D printing, restoration of monuments or
even the possible material for lunar structures.

The next part is devoted to the CRT glass — the general characteristics, the parts of cathode ray
tube, the heavy metals content, the recycling methods (in open loop and closed-loop) and
methods of special treating to make it safer for environment. The application of CRT glass in
concrete is described precisely, mainly in the role of an aggregate. According to the scientists,
application of CRT glass into the concrete structures can be safe way of its utilization but it causes
the decrease of strength.

The chapter includes as well the examples of successful immobilization of heavy metals inside
geopolymer mixture. Then, the extended presentation of publications devoted to the utilization
of CRT glass inside geopolymer mixture is given. The CRT glass has been utilized in geopolymers
based on different type of precursors (metakaolin, fly ash, slag and combinations of listed ones)
both in a form of a powder and in form of an aggregate.

The chapter is concluded with summary of all information and with the deficiencies both in
existing knowledge and researches about geopolymers with CRT glass. As the main deficiency
there is defined the lack of the extended research on one type of geopolymer. As an answer to
the defined deficiencies, an Author decided to do the extended research on metakaolin-based
geopolymer with CRT glass in form of an aggregate. The research includes among the others both
flexural and compressive strength tests, the finding of an optimal mixture and study of an
influence of various factors on its mechanical behavior.

CHAPTER 3 PRELIMINARY RESEARCH

At the very beginning the graphical scheme of the research part is presented.

Then, the chapter continuous with the characteristics and origin of all materials used during
the tests: metakaolin, CRT glass, sodium silicate and sodium hydroxide. Next, the research
methods are presented including shape of the samples, description of equipment and used
standards. Then, the Author presents the initial tests. The first test has been done on samples
containing CRT glass coming from different batches to check the convergence of results. The next
test contains comparison between strength of geopolymer containing sand and CRT glass to asses
superficially how does the replacement of aggregate influence the mechanical behavior (it occurs
that the strength of geopolymer containing CRT glass is smaller than strength of geopolymer with
sand).

The next part describes precisely the influence of the CRT glass content on flexural and
compressive strength of samples. The whole procedure of the test together with presentation of
results and analysis is presented. The flexural to compressive strength ratio and the density has
been calculated as well. According to results, there is no monotonic dependence between CRT
glass content and mechanical behavior. The range of flexural strength values was equal to
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3,6 - 6,2 MPa, while the range of compressive strength results was equal to 41,6 — 50,1 MPa. Fours
mixtures have been chosen for the further tests.

The next test has been devoted to the influence of curing temperature on the mechanical
behavior of geopolymer. Samples were cured at 20°C, 40°C and 60°C. According to the results, the
flexural strength increases along with the increase of the curing temperature while the
compressive strength behaves in not monotonic way and is approximately similar for all curing
temperatures. Two mixtures and one curing conditions were chosen for the further test.

The last from the initial tests has been focused on the temperature changes inside the
geopolymer and the changes of strength over time. Samples were cured at 40°C for the first
24 hours and then at the room temperature. According to the results, the temperature inside
geopolymer grows along with the increase of the metakaolin content. The strength of geopolymer
samples containing more CRT glass showed the tendency to decrease in time. On the grounds of
achieved results, one mixture containing metakaolin to CRT glass in mass ratio 1:1 has been
chosen for the main research.

CHAPTER 4 MAIN RESEARCH

The whole main research has been performed on samples containing metakaolin to CRT
glass in mass ratio 1:1. All tests are described precisely (samples preparation, curing regime,
testing procedure, pictures of samples before and after tests, all results gathered and presented
in form of charts, the description and analysis of results).

The first part of the main research describes comparison of the changes of strength over time
of geopolymer cured in two conditions: all the time at the room temperature (~20°C), and for the
first 24 hours in climatic chamber at 40°C and then at the room temperature. According to the
results, curing at elevated temperature assures the rapid growth of strength while geopolymer
cured at the room temperature gains the strength slowly. However, after 14 days, the
compressive strength of samples cured at the room temperature overgrowth the strength of
samples cured at elevated temperature. That difference increased in time. After the test, an
Author decided to continue the research on samples cured all the time at the room temperature.

Then, the influence of sodium hydroxide concentration on mechanical behavior has been
checked. According to the results, the strength of geopolymer increases along with the increase
of NaOH concentration from 6 mol/L to 12 mol/L. It has been concluded that 10 mol/L is an
optimal concentration for this type of geopolymer.

The next test describes the influence of CRT glass particle seizes on mechanical behavior.
No evident dependence between CRT glass particles size and flexural nor compressive strength
values was observed. In further tests, the CRT glass of particles size in range (0 mm: 4 mm> has
been used.

At the end of the main research part, an Author investigated the behavior of the
geopolymer made of the chosen mixture over long period of time (1 day — 112 days). Generally,
both flexural and compressive strength increased in time. No monotonic dependence between
flexural strength to compressive strength ratio (fx/fc) has been noticed. That part of the chapter
includes the comparison of dependence between flexural and compressive strength of metakaolin
based geopolymer with CRT glass and flexural to compressive strength dependence presented by
different codes and standards as well as by other scientists. Summarizing, the tested geopolymer
should be considered as the brittle material so the proper reinforcement has to be applied.

CHAPTER 5 COMPLEMENTARY RESEARCH

The complementary research has been done on samples containing metakaolin to CRT
glass in mass ratio 1:1 and cured all the time at the room temperature.
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The first from the complementary tests describes the porosity of geopolymer. The average
total porosity was equal to 13,7% while the average density of geopolymer was equal to
1,80 g/cm?.

The next test concerned physical and chemical characteristics and has been done with the use
of atomic absorption spectrometry. The examination of leachate from geopolymer incorporating
CRT glass has been compared with leachate from not-stabilized CRT glass. According to the results,
the amount of leached heavy metals (especially Pb) is significantly limited when CRT glass is closed
inside the geopolymer matrix. The achieved values were compared with binding standards. The
only examined characteristics of leachate from the hardened geopolymer which did not fulfill
standard limits was pH.

CHAPTER 6 DISCUSSION

The chapter contains the comparison of results achieved during all tests with findings of
other scientists.

Regarding to the influence of various CRT glass content on mechanical behavior, scientists
are divergent. Some publications claim the increase of strength along with the increase of CRT
glass content and some the opposite dependence. Due to the limited number of publications
devoted to CRT glass added to the geopolymer in form of an aggregate, that subsection is
presenting also the sources describing geopolymers with CRT glass in form of a powder and
concrete with CRT glass aggregate. The majority of cited publications describing concrete with
CRT glass aggregate reports the decrease of strength along with the increase of CRT glass content.

Scientists are more aggregable about the influence of curing temperature on geopolymer
strength. Most of researchers noted the increase of strength along with the increase of curing
temperature, although, some of them reports the optimal value of curing temperature above
which, the strength starts falling down. However, there are also sources reporting that
geopolymers cured at room temperatures (20°C or even lower) achieve higher (especially long-
term) strength than geopolymers cured at elevated temperatures.

Many scientists determined the changes inside the geopolymer mixture with the use of
isothermal calorimetry. As in this Thesis, scientists report appearance of exothermic peaks. The
first peak occurs while metakaolin particles are dissolving (in dependence on accuracy of
measurement, some scientists identify here two peaks) and the second one is caused by the
polymerization process.

According to results described in the scientific literature, the strength of geopolymer
increases in time. Geopolymers cured at elevated temperature gains the strength more rapid than
geopolymer cured at the room temperature. Some sources report that long-term strength of
geopolymer cured at the room temperature overgrows the strength of geopolymer cured at the
elevated temperature. Those conclusions are convergent with findings withdrawn within this
Thesis.

The most of scientists declare that geopolymer strength increases along with the increase
of activator concentration, although, many of them do not indicate the highest tested value as an
optimal one, mostly because of economic aspects and because of the rapid decrease of
workability of a mixture. Despite, some publications report the decrease of strength above the
given value of activator concentration.

The quantity of publications devoted to the CRT glass particle size on mechanical behavior
is limited and the one found by the Author are presenting divergent conclusions.

The total porosity of metakaolin-based geopolymer with CRT glass is smaller than in most
of cited publications. In case of the bulk density, some sources give smaller and some, higher
values than the one found within this Thesis.

Most of the cited publications confirms that the concentration of heavy metals in leachate
from geopolymer incorporating CRT glass is significantly smaller than in leachate from not-
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stabilized CRT glass (what is convergent with the result obtained within this Thesis). Some sources
declare that geopolymer with CRT glass fulfills regulatory limits and some declare that not or, that
its dependent on CRT glass amount.

CHAPTER 7 SUMMARY AND CONCLUSIONS

The chapter begins with the summary of the research part of this Thesis. Then, the chapter
presents the following final conclusions drawn on the basis of the research part of this Thesis:

The CRT glass content does not influence significantly the mechanical behavior of geopolymer.
Elevated curing temperature provides higher early strength and ability of quicker demolding than
curing at the ambient temperature. Although, long-term strength of geopolymer cured at ambient
temperature surpass strength of geopolymer cured at elevated temperature.

The increase of an activator concentration led to the increase of strength and decrease of the
mixture workability.

The change of CRT glass particles does not influence significantly the strength.

The temperature inside the geopolimer during the curing process increases along with the
increase of metakaolin content.

The concentration of chosen heavy metals in the leachate from geopolymer fulfills the regulatory
limits.

Conclusions drawn in the response to the initial hypotheses:
CRT glass can be used as an aggregate in metakaolin-based geopolymer without any additional
treatment.
Metakaolin-based geopolymer with CRT glass has good mechanical characteristics (flexural
strength 5-6 MPa, compressive strength 50-60 MPa, density 1850 kg/m?3) and therefore can be
potentially considered as building material although, one can be aware of its brittleness.
Both geopolymer cured at ambient as well as in elevated temperatures showed good mechanical
behavior, although, geopolymer cured at ambient temperature should be demoulded later (7 days
was found as enough) to avoid cracks.
Addition of CRT glass to metakaolin-based geopolymer helps in immobilization of heavy metals in
comparison to not-stabilized CRT glass.

CHAPTER 8 DIRECTIONS FOR FURTHER RESEARCH

The chapter contains the main research directions planned by the Author for the future. The
list includes among the others: determination of changes of the geopolymer strength over years;
the influence of humidity and freeze and thaw cycles on the mechanical behavior; determination
of material’s rheology; the influence on the living organisms, human’s health and on the
reinforcement; big-scale tests and determination of the boundary surface of the material.
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