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A B S T R A C T

This paper reports an experimental study on the thermal stability and mechanical performance of
geopolymers developed entirely with construction and demolition waste precursors, either bricks
or ceramic tiles, upon their firing at temperatures between 600 and 1050 οC. The waste brick- and
waste tile-based geopolymers were prepared with solid to liquid ratios of 2.4 and 3.4, respec-
tively, using combined aqueous solutions of potassium hydroxide (KOH) and sodium silicate
(Na2SiO3), as alkali activator. After curing for 7 days at 50 οC and hardening for 7 and 28 days at
ambient temperature, the geopolymers were exposed to 600, 800 and 1050 °C for 2 h and their
compressive strength, apparent density and mass loss were measured. Both materials showed
good thermal stability up to 1050 °C, without observing any change in the shape of specimens or
thermal deformation. The waste brick-based geopolymer developed a compressive strength of
about 19 MPa after ageing for 7 days and kept it in the range of 15–21 MPa, after its exposure to
600–1050 °C. At 1050 οC, the material showed a decreased density by 8% and mass loss about
10%. The compressive strength of the waste ceramic tile-based geopolymer was about 33 MPa af-
ter 7 days of hardening and decreased to about 17 and 13 MPa, after exposure to 600 and 800 οC,
respectively. At 1050 οC, its compressive strength was slightly increased compared to the initial
one. At this temperature, the density of the material decreased by almost 9%, while it lost about
7% of its initial mass. Based on these results, both the developed geopolymers had the potential to
find fire resistance applications in the sector of building materials.

1. Introduction
Geopolymers are innovative and pioneering materials produced through the alkali activation of solid aluminosilicate sources rich

in reactive silica and alumina. As alkali activators, aqueous solutions of sodium or potassium hydroxide, combined with soluble sili-
cates are used. The geopolymerization process comprises a sequence of complex chemical reactions that take place at relatively low
temperatures (up to 100 οC), involving the formation of a partially or totally amorphous three-dimensional network, which consists of
polymer chains of Si or Si/Al atoms linked through bridging atoms of oxygen (Si–O-T, where T denotes Si or Al) [1,2]. This specific
polymeric structure classifies geopolymers as inorganic polymers, while it provides them with excellent physical, chemical, mechani-
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cal and thermal properties, such as low porosity, negligible water permeability, adsorption capacity, resistance to chemical corrosion
and high temperature, high early mechanical strength and low thermal conductivity [3–7]. Due to these properties, geopolymers are
suitable to be used as ceramics, binders for pre-casting, coatings and other building and construction materials [3,6,8–13] or as matri-
ces for the encapsulation of hazardous and toxic substances [14–16].

There is a variety of solid aluminosilicate sources that can be used for geopolymers manufacturing, including natural clays and
minerals [17,18], and waste materials and by-products generated in huge quantities every year worldwide, such as fly ashes and met-
allurgical slags [3,8–12], waste glass and construction and demolition waste [7,19–24]. Among them, metakaolin, fly ash from ther-
mal power plants, slags from the ferrous industry and the red mud from the alumina production are the most investigated. On the
other hand, the geopolymerization of construction and demolition waste (CDW) still remains challenging, although it is categorized
as one of the most voluminous solid waste worldwide. In the European Union (EU) countries, more than 800 million tons of CDW are
generated every year, which constitutes approximately one-third of the total industrial and urban waste generated annually in the EU
[25]. It has to be underlined that the European Commission has characterised CDW as a priority waste stream for reuse and high-
lighted the important environmental benefits derived from their valorization, such as saving of natural resources, reduction of GHG
emissions and minimization of waste landfilling. CDW comprises a variety of materials, including concrete, bricks, tiles, gypsum,
wood, glass, metals and plastic. The high SiO2 and Al2O3 contents in certain materials among them, such as bricks, ceramic tiles and
concrete, make their utilization in the production of geopolymers interesting.

Although there was intensive research on the development of geopolymers to be used as building materials over the past two
decades, the relevant studies focused mainly on materials with improved mechanical properties at ambient conditions. A rather lim-
ited number of the published research papers are referred to the thermal performance and mechanical properties of geopolymers, af-
ter high-temperature exposure. The most important factors affecting the thermal stability and mechanical performance of geopoly-
mers after their exposure at elevated temperatures include the type of the geopolymeric precursor and the used aggregates, the molar
ratio Si/Al, the alkali cation and the total alkali content in the geopolymeric system, as well as the heating rate [26–28]. Relevant
studies reported particular thermal stability of geopolymers based on metakaolin and sodium or potassium silicate/hydroxide solu-
tions, when they were properly cured to retain the amorphous structure up to their melting temperature [29,30] or when proper mo-
lar ratios Si/Al were selected, to promote the formation of specific crystalline phases with high melting points [31]. As it is noted, the
amount of formed crystalline phases at high temperatures decreased with the increasing Si/Al ratio, regardless of the alkali cation ex-
isting in the system (Na, K or Na–K) [32], while uncompleted crystallization of the amorphous geopolymeric phase reduced the me-
chanical strength of the obtained materials [11]. Regarding the type of alkali cation, it was observed that the K-based geopolymers ex-
perienced minimum thermal deformation at elevated temperatures, followed by the Na/K- and the Na-based ones, respectively [32].
In addition, the high-temperature properties of geopolymers, such as the temperature of crystallization and sintering, the residual
compressive strength and the thermal resistance, were strongly affected by the total alkali content in the geopolymeric system [26].
The residual compressive strength of geopolymers based on metakaolin or fly ash or on their mixtures decreased with the increase of
the exposure temperature, while the relevant specimens presented few visible cracks but no spalling phenomena [8,27–34]. Similarly,
the compressive strength of geopolymers prepared through the alkali activation of granulated Ca-rich blast furnace slag (BFS) de-
creased by about 40% of its initial value, after exposure to 1200 °C for 1 h, while the flexural strength of the same materials exceeded
its initial value by 17% and 80%, after exposure at 1000 and 1200 °C, respectively [35]. Furthermore, the reverse-side temperature of
the BFS-based geopolymers exposed to an 1100 °C flame equilibrated at less than 400 °C after 35 min [13]. Similarly, the geopoly-
mers based on the activation of ferronickel slag with potassium hydroxide and soluble silicate solutions presented excellent fire resis-
tance, when tested according to the RWS (Rijkswaterstaat) temperature-time curve and proved able to withstand successfully a fire
under such severe conditions [36,37]. Combinations of fly ash and slag in different ratios were also used to prepare geopolymers that
were exposed at high temperatures, up to 800 °C [38]. The residual strength of the obtained materials decreased exponentially, as
their initial strength was increased and this behavior was attributed to the reduced ductility of the materials that was observed with
the increase of their initial strength.

Due to their chemistry and microstructure, geopolymers have inherent fire resistance that enhances their use in high temperature
applications [26]. The unique inorganic network that comprises the backbone of geopolymers structure renders them non-
combustible, while they are also non-smoking and non-toxic materials. Geopolymers contain large amounts of physically and chemi-
cally bound water that migrates and evaporates at high temperatures, providing them with endothermic properties. Given that their
mechanical strength can reach and exceed 100 MPa [9], geopolymers can serve as fireproofing building materials with immense po-
tential for applications in extreme conditions, where enhanced mechanical and fire resistance performance is required.

This paper investigates the potential of developing fire-resistant geopolymers based entirely on waste bricks (WB) and waste ce-
ramic tiles (WCT). More precisely, it studies the thermal stability and mechanical performance of optimized WB- and WCT-based
geopolymers after their exposure to temperatures up to 1050 °C, in terms of compressive strength, apparent density and mass loss.
The specimens of geopolymers exposed to the studied temperatures were also visually investigated and the observed microcracks or
other surface defects or spalling phenomena and damages are reported, as well. The present research combines the benefits of devel-
oping sustainable materials based on the utilization of secondary raw materials, such as the CDW, with decreased demand for natural
resources and demonstrates a new low-cost processing route to produce advanced materials for the effective passive fire protection of
buildings. According to the results, the recycling of the studied CDW streams in the production of fire-resistant geopolymers for build-
ings and construction applications, is very promising.
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2. Materials and methods
2.1. Raw materials

Two types of CDW, waste bricks (WB) and waste ceramic tiles (WCT) were selected in this study to be used as precursors for the
development of the fire-resistant geopolymers. Both of these waste materials were delivered from a recycling plant of CDW in Cyprus,
named Resource Recovery Cyprus (RRC). After manual sorting, the broken waste bricks and waste ceramic tiles were crushed and
ground to achieve homogeneous powders with reduced particle size. In Fig. 1, the geopolymer precursors used in the current study, as
received from the recycling plant and after crushing and grinding are presented.

The particle size distribution (PSD) curves of WB and WCT are shown in Fig. 2. Each PSD diagram given in Fig. 2 has been derived
from the average of 13 reproducible measurements performed with the relevant number of samples of the corresponding raw mater-
ial. According to Fig. 2, WB is slightly finer than the WCT; in particular, the particle size of WB is lower than 250 μm, with a mean di-
ameter d50 = 35.35 μm, while the particle size of WCT is lower than 300 μm, with a mean diameter d50 = 48.34 μm.

Table 1 presents the chemical analysis of WB and WCT performed by the X-Ray Fluorescence method (ED-XRF spectrometer
SPECTRO XEPOS). The concentrations of the oxides given in Table 1 are the mean values that were taken from 13 reproduced
analyses carried out for each raw material. Table 1 includes also the standard deviations (SDs) of these sets of values per oxide and

Fig. 1. (a) Waste Brick (WB) and (b) Waste Ceramic Tile (WCT) used in this study.

Fig. 2. Particle size distribution curves of (a) WB and (b) WCT.

Table 1
Chemical analysis of WB and WCT.

Oxide WB WCT

% wt. SD % wt. SD

SiO2 53.57 4.92 62.40 4.46
Al2O3 14.33 4.09 14.68 3.93
CaO 7.71 2.70 1.48 1.42
FeO 10.19 1.91 8.58 0.93
K2O 3.74 1.16 3.76 1.96
MgO 4.07 1.97 3.68 2.52
Na2O 0.66 0.54 0.98 1.74
TiO2 1.46 0.94 – –
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raw material. According to Table 1, both of the geopolymer precursors (WB and WCT) are rich in silicon oxide, the content of
which is lower in the WB (53.57 %wt.) than in the WCT (62.40 %wt.). Both of these raw materials have also high and quite similar
contents of aluminum oxide (about 14 %wt.), as well as of iron oxide (10.19 and 8.58 %wt. for WB and WCT, respectively), potas-
sium oxide (about 3.75 %wt.) and magnesium oxide (near 4 %wt.), as shown in Table 1. In addition, both the geopolymer precur-
sors contain calcium oxide, which is much higher in WB (7.71 %wt.) than in WCT (1.48 %wt.), and traces of sodium and titanium
oxides in WB (Table 1).

The mineralogical analysis of WB and WCT was performed by X-Ray Diffraction (XRD) method (D8 Bruker Diffractometer, CuKα
radiation, λ = 1.5418 nm) in the range of 2theta between 2° and 70° with a scanning speed of 2°/min and the results are shown in
Figs. 3 and 4, respectively.

According to Fig. 3, the main mineralogical phases found in WB are attributed to feldspars (anorthite-CaAl2Si2O8 and albite-
NaAlSi3O8) and quartz (SiO2). In addition, hematite (Fe2O3) was identified as secondary phase, while diopside (MgCaSi2O6) and mul-
lite (3Al2O3·2SiO2) as minor phases (Fig. 3). Quartz (SiO2) was also identified as the major crystalline constituent of WCT (Fig. 4),
with K-feldspars (orthoclase-KAlSi3O8), hematite (Fe2O3), mullite (3Al2O3·2SiO2) and spinel (MgAl2O4) to contribute as minor phases.
As seen in Fig. 4, WCT contains also an amorphous phase indicated by the broad hump registered in 2theta between 20° and 30°. It is
an aluminosilicate phase also found in other raw materials used in geopolymers, such as metakaoline, fly ash and slag [33–35], which
indicates the suitability of WCT to be used as geopolymer precursor.

The density (bulk and apparent) and water absorption of WB and WCT were measured according to ASTM 128-88. Based on the
results, the bulk and apparent densities of WB were 1.63 g/cm3 and 2.81 g/cm3 respectively, while its water absorption was 25.57%.
The WCT had lower water absorption than WB (15.77%), while its bulk and apparent densities were relatively similar to those of WB
and equal to 1.82 g/cm3 and 2.56 g/cm3, respectively.

The alkaline activator used in this study consisted of potassium hydroxide (KOH) solution and sodium silicate solution (MERCK,
Na2O = 8%, SiO2 = 27% and d = 1.346 g/mL). The KOH solution was prepared by dissolving KOH anhydrous pellets of analytical
grade (MERCK, 99.5% purity) in distilled water and its concentration was selected to be 8 mol/L (M) in all the experiments, consider-
ing that at lower alkaline concentrations the content of OH− ions is inadequate to facilitate the dissolution of silicate and aluminate
phases and therefore promote geopolymerizations [33]. Since the materials focused in this study are intended to be used for the pas-
sive fire protection of buildings, KOH was selected over NaOH for the alkali-activating solution, given that the potassium-based
geopolymers withstand at temperatures higher than 1200 °C and remain durable during and after a fire [37]. Leucite (KAlSi2O6),

Fig. 3. XRD analysis of waste brick (WB).

Fig. 4. XRD analysis of ceramic tile waste (WCT).
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which is a potassium aluminosilicate phase formed in the K-based geopolymeric systems at about 1150 °C [26,32], has eutectic tem-
perature higher than 1500 °C. On the opposite, nepheline (NaAlSiO4), which is a sodium aluminosilicate phase formed in the Na-
based geopolymeric systems at about 800–900 °C, is stable up to about 1000–1100 °C [30–32].

2.2. Experimental procedure
The geopolymers Brick Fire Resistant (BFR) and Ceramic Tiles Fire Resistant (CTFR) were prepared by mixing the solid precursor,

either WB or WCT, respectively, with the alkaline activating solution in a mechanical mixer for 5 min to form a homogeneous paste.
The obtained geopolymeric pastes were then cast in open steel cubic molds with two sets of dimensions, 50 × 50 × 50 mm and
100 × 100 × 100 mm. The formed specimens were left for curing at 50 °C for 7 days, under atmospheric pressure and non-
controllable humidity conditions. When the curing process has been completed, the cubic specimens were demolded and left for hard-
ening at ambient temperature and dry conditions for 7 and 28 days, before the measurement of the compressive strength, density and
mass loss and the performance of FTIR analysis.

In order to elucidate the capability of the developed geopolymers BFR and CTFR to withstand high temperatures, they were sub-
jected to firing at 600, 800 and 1050 οC for 2 h, using a laboratory electric furnace (Fig. 5). In each experiment, the specimens of
geopolymers were placed in the furnace (Fig. 5) that started from room temperature to reach the desired temperature, operating with
a heating rate of 4.4 °C/min. The specimens were left at the predefined temperature for 2 h and then, the furnace was turned off and
the specimens were left in the furnace for cooling to room temperature, under open air conditions. After each experiment, the struc-
tural integrity of geopolymers was assessed by means of compressive strength, density and mass loss measurements, while the struc-
tural rearrangements that took place in their matrices were evaluated according to FTIR analysis. Cubic specimens with the dimen-
sions of either 50 × 50 × 50 mm or 100 × 100 × 100 mm, which were cured for 7 days at 50 °C and hardened for another 7 and 28
days at ambient temperature and dry conditions, were used in these experiments.

2.3. Tests and analyses
The compressive strength of geopolymers was determined using a 2000 kN electro-hydraulic mechanical testing machine. The ap-

parent density of geopolymer samples was determined as the mass of materials per unit volume (Eq. (1)). The mass of geopolymer
specimens was also used to calculate the weight loss of geopolymers, after exposure to high temperatures. Three specimens were
tested after curing and heating at high temperatures and the average values of the relevant measurements performed for each prop-
erty are reported in the following tables and figures.

ρ = m/V (1)

where m(g) and V (cm3) are the dry mass and apparent volume, respectively, of the geopolymer sample.
The FTIR analysis was performed, using a Fourier Transform IR spectrometer (PerkinElmer 2000 analyzer). The infrared spectra

recorded in the wave number range from 650 to 4000 cm−1 were collected in the atmosphere, using the Attenuated Total Reflection
(ATR) technique with a Zn/Se crystal.

3. Results and discussion
3.1. Syntheses of geopolymers

The geopolymers developed in this study are intended to be used for the passive fire protection of buildings and therefore, their
structural stability and mechanical performance at high temperatures are considered particularly significant. Except for the chemical
and mineralogical composition of the geopolymer precursor, both these properties are strongly related to important synthesis para-
meters of geopolymers and specifically, the ratio of solids to liquids (S/L) and the contents of alkali, silicon and aluminum
[1,2,21,34]. The S/L ratio controls the rheological properties of the formed geopolymeric paste, such as viscosity and setting time,
both of which affect the polymerization and polycondensation processes taking place in geopolymer systems and consequently, the

Fig. 5. The used laboratory electric furnace in operation, at (a) 800 °C and (b) 1050 °C.
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mechanical properties of the final products. Geopolymeric pastes are considered non-Newtonian fluids with shear thinning behavior
(decreasing apparent viscosity with shear rate), reaching very low viscosities at high shear rates [39]. In general, the viscosity of
geopolymeric pastes increases and setting time decreases, with the increase of S/L ratio. High S/L ratios under constant conditions re-
sult in geopolymeric pastes with high viscosities and short setting times that accelerate the polycondensation process, favoring thus
the solidification (hardening) of the formed materials. An increase of S/L ratio increases also the concentrations of Si and Al in the ac-
tivating solution, enhancing thus the formation of the polymeric binder [3,33,34]. Therefore, the mass of the geopolymeric binder per
unit volume of the produced material increases as well, improving the compressive strength of the formed materials. However, the
continuous increase of S/L ratio may cause insufficient wetting of the geopolymeric precursor’s particles, limiting thus the workabil-
ity of the formed paste [34].

In general, any geopolymeric system has an optimum range of S/L ratios, which depends on the physicochemical characteristics of
the geopolymer precursor and the alkali-activating solution and is defined experimentally, considering the rheological properties and
the handling of the resulted geopolymeric paste, as well as the properties of the final materials. In Table 2, the mixing proportions
used for the synthesis of the geopolymers investigated in this paper are summarized. The S/L ratios selected for the BFR and CTFR
geopolymers were equal to 2.5 g/mL and 3.4 g/mL, respectively, while the volume ratios of Na2SiO3xH2O to KOH solutions in the al-
kaline activator were kept constant at 1.6 to 1.0 in the mix proportions of both geopolymers (Table 2). During extensive preliminary
studies conducted in the laboratory, the above-mentioned ratios have been proven suitable for obtaining geopolymeric pastes with
proper rheological properties and final materials with important compressive strength.

3.2. Effect of CDW type on the compressive strength and physical properties
Fig. 6 illustrates the compressive strengths of the BFR and CTFR materials, after curing at 50 οC for 7 days and hardening at ambi-

ent conditions for 7 and 28 days.
As shown in Fig. 6, both the BFR and CTFR materials developed significant compressive strengths, which proves that geopolymer-

ization has occurred. Moreover, the compressive strength of CTFR was higher than that of BFR, regardless of the hardening time (Fig.
6). The development of compressive strength in geopolymers is strongly related to the extent of the geopolymer binder formation, as
well as to the hardness of the geopolymer precursor. In particular, a compromise of these two factors is required for the resulting ma-
terial to develop high compressive strength. In the current study, both the investigated waste materials contained mineralogical
phases that could be dissolved in highly alkaline aqueous solutions. More precisely, the waste ceramic tiles (WCT) comprised an
amorphous aluminosilicate phase, albite and mullite (Fig. 4), while the waste bricks (WB) contained alkali feldspars and mullite (Fig.
3), all of which dissolved in the strong alkaline solution used as an activator in this study. The dissolution of aluminosilicate phases in
the alkali activator significantly increases Si and Al concentrations, which in turn promotes the formation of Si and/or Si–Al
oligomers and their subsequent polycondensation towards the development of an aluminosilicate polymeric network. In a geopoly-
meric system, this network acts as a binder for the undissolved particles of the geopolymer precursor, which are bound to it during its
growth and the entire system hardened to a durable structure, in the following phase of curing. Since the dissolution of the amor-
phous Al–Si phases in alkaline solutions is faster and equilibrates almost immediately, in comparison to that of the alkali feldspars in

Table 2
Mix designs of the developed geopolymers.

Code name Precursor (g) Alkaline Activator S/L (g/mL)

Solutions (mL) Volume Ratios Molar Ratios

WB WT KOH Na2SiO3 Na2SiO3/KOH H2O/K2O SiO2/K2O

BFR 2720 – 418 670 1.6 : 1.0 20.5 : 1 2.4 : 1.0 2.5
CTFR – 2500 283 452 1.6 : 1.0 10.7 : 1 1.2 : 1.0 3.4

Fig. 6. Compressive strengths of the BFR and CTFR, after curing at 50 οC for 7 days and hardening for 7 and 28 days at ambient conditions.
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the same solutions [40–42], the formation of the geopolymer binder in CTFR occurs at a faster rate and to a greater extent from the
early stages of the process than in BFR, enhancing thus the development of higher mechanical strength. In addition, the raw sample
WCT consisted almost entirely of quartz (Fig. 4) that has a Mohs scale hardness ranging between 7.0 and 7.5, while the WB raw sam-
ple contains a significant amount of feldspars, except for quartz (Fig. 3), which decreases the hardness of its particles since the hard-
ness of feldspars ranges between 6 and 6.5 on the Mohs scale. Therefore, the mineralogy of the geopolymer precursors used in this
study favors again the development of higher compressive strength in the CTFR geopolymer. According to Fig. 6, increasing the hard-
ening time of both geopolymers by three weeks resulted only to a small improvement in the compressive strength, which was in-
creased by about 1.5 MPa per week for both materials, confirming the unique property of geopolymers to develop remarkable com-
pressive strength from their early stages [1].

The above theoretical approach that correlates the compressive strength of geopolymers with the transformations occurred in
their matrix is strengthened by the FTIR analysis of the brick and ceramic tile wastes used in this study and the developed geopoly-
mers, as well. The FTIR spectra of the raw samples of WB and WCT and the corresponding geopolymers BFR and CTFR, after curing at
50 °C for 7 days, are compared in Fig. 7.

The most important bands observed in these FTIR spectra are located at wavenumbers lower than 1250 cm−1 (Fig. 7). It concerns
the absorption bands assigned to the stretching vibrations of the Si–O–Si and Al–O–Si bonds and can be asymmetric (970–1090 cm−1)
and symmetric (650–890 cm−1). Among these bands, the one attributed to the asymmetric stretching vibrations T-O-Si (T = Si or Al)
comprises the fingerprint of geopolymerization [34,43–47]. As seen in Fig. 7, this band appeared at around 1010 cm−1 and 1020 cm−1

in the spectra of the raw samples WB (Fig. 7a) and WCT (Fig. 7c), respectively, while it was shifted to lower wavenumbers in the spec-
tra of the corresponding geopolymers, BFR (Fig. 7b) and CTFR (Fig. 7d), and more precisely, at 978 cm−1 and 995 cm−1, respectively.
The shifting of this absorption band to lower or higher wavenumbers is a very significant characteristic in geopolymers and consistent
with the reorganization of the TO4 tetrahedra occurring due to the dissolution of aluminosilicate phases and their polymerization in
the newly-formed geopolymeric gel-type matrix. Specifically, the shift to lower wavenumbers indicates an increased substitution of Si
by tetrahedral Al in the gel matrix [46], improving the mechanical properties of geopolymers. As is seen in Fig. 7d, the peak of this ab-
sorption band in the spectrum of CTFR (995 cm−1) was more intensive and sharper than the respective peak in the spectrum of BFR
(Fig. 7b) that appeared at 978 cm−1. This observation reveals that the amorphous geopolymeric gel phase formed in the CTFR mater-
ial was more extended and composed of highly polymerized silica (trimers, rings, planes, etc.) that contained species with bridge Si–O
bonds than the terminal, as well as chains of almost similar sizes. On the opposite, the gel phase formed in the BFR material had a lim-
ited extent and consisted of polymeric species with a notable variation in chains size [9,47]. Similarly, the absorption band at
877 cm−1 in the spectra of the raw samples WB (Fig. 7a) and WCT (Fig. 7c), which is attributed to the symmetric stretching vibrations
of Al–O, was shifted to a lower wavenumber (850 cm−1) in the spectra of the geopolymers BFR (Fig. 7b) and CTFR (Fig. 7d). This al-
teration constitutes an important sign of geopolymerization that is associated with the dissolution of Al-phases through alkali activa-
tion and their rearrangement in the formed geopolymer matrix [44,45]. Finally, the disappearance in the spectra of geopolymers of
the weak band located at 1160 cm−1 in the spectra of raw samples WB and WCT, which is attributed to the vibrational modes of SiO4
in mullite [2], indicated again the dissolution of aluminosilicate phases from the raw materials in the alkali-activator and their recon-
struction in the geopolymer matrix. The same indication also applies to the weak double bands that appeared at 773 cm−1 and
796 cm−1 in the spectra of both the raw samples WCT and WB and decreased or disappeared in the spectra of the geopolymers CTFR
and BFR, respectively. All the above referred transformations are consistent with the formation of a new aluminosilicate phase in
geopolymers, which is identical to the alkali-aluminosilicate polymeric network developed in them and constitutes the backbone of
their structure. The highly polymerized Al–Si gel and its well-ordered structure (with the predominance of bridge Si–O over terminal
Si–O bonds) in CTFR, in comparison to that of the BFR, justifies the development of higher compressive strength in the former mater-
ial.

The higher compressive strength developed in WCT-based geopolymers is also related to the alterations noted in the absorption
band located in-between the wavenumbers 1550 and 1350 cm−1 in the FTIR spectra presented in Fig. 7. As shown in Fig. 7, the peaks

Fig. 7. FTIR spectra of the (a) waste bricks sample (WB), (b) waste brick-based geopolymer (BFR), (c) waste ceramic tiles sample (WCT) and (d) waste ceramic tile-
based geopolymer (CTFR) (curing at 50 οC for 7 days and hardening at ambient conditions for 7 days).
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appeared in the spectra of the raw samples WB (Fig. 7a) and WCT (Fig. 7c) at 1450 cm−1 and 1440 cm−1, respectively, were slightly
shifted to circa 1460 cm−1, in the spectra of geopolymers BFR (Fig. 7b) and CTFR (Fig. 7d). Usually, the absorption band appeared at
around 1400 cm−1 is a characteristic of the C–O–C bonds vibrations, indicating the presence of carbonates in the raw materials and/or
the carbonization of the resulted geopolymers [34,44,45,47]. However, this absorption band could also be attributed to the vibra-
tional modes of the Si–O and Al–O bonds [44–46]. As shown in Fig. 7, the relevant peaks are more intense in the raw samples WCT
and WB than in the corresponding geopolymers; however, according to their XRD analysis presented in Figs. 3 and 4, respectively, no
carbonate mineralogical phases were detected in them. Besides, significant reductions of these peaks were observed in the spectra of
the geopolymers BFR (Fig. 7b) and CTFR (Fig. 7d), along with their displacements to higher wavenumber (1460 cm−1). Consequently,
the absorption peaks appeared at 1450 and 1440 cm−1 in the spectra of WB and WCT, respectively, and are attributed to Si–O and
Al–O bonds vibrations and their shifting to 1460 cm−1 in the spectra of the corresponding geopolymers is mainly assigned to the dis-
solution of the aluminosilicate phases existing in WB and WCT and their polymerization in the formed materials [44,47]. As shown in
Fig. 7, the reduction of the corresponding peak was greater in the CTFR geopolymer than in the BFR one, thus revealing a larger ex-
tent of the newly formed gel-type geopolymeric matrix in the former material and therefore, justifying the development of higher
compressive strength. An additional indication for the formation of the geopolymeric binder to a greater extent in CTFR than in BFR,
is the peak located at around 1650 cm−1 in the spectra of these geopolymers (Fig. 7), which is more intense in the spectrum of CTFR
(Fig. 7d) than the one of BFR (Fig. 7b). This peak is attributed to the H–O–H bending vibration mode of the water molecules that are
bound on the surface or entrapped in the cavities of the geopolymer network, confirming the formation of the characteristic alkali-
aluminosilicate hydrate phase [34,44,45].

In Table 3, the apparent density and mass loss of both geopolymers BFR and CTFR are given, after their curing at 50 °C for 7 days
and then, hardening at ambient temperature for 7 and 28 days.

According to Table 3, the mass loss of the WB-based geopolymer (BFR) after hardening for 7 and 28 days was 2.05% and 2.88%,
respectively, while the corresponding mass loss percentages of the WCT-based geopolymer (CTFR) were more than double at the same
hardening periods. This observation is in agreement with the analysis made above for the extent of gel formation in the developed
geopolymers. As revealed by FTIR analysis, the formation of Al–Si hydrate phases in CTFR was much higher than that in the BFR (Fig.
7); the dehydration of these phases was favored with the increase of curing time, leading to higher mass losses for the CTFR material.
Consequently, after a hardening period of 28 days, the decrease of the CTFR density was much higher than that of the BFR density
(Table 3).

3.3. Effect of high temperatures on the compressive strength and physical properties
Since the CDW-based geopolymers developed in this study aim to be used as fireproofing materials for the passive fire protection

of buildings, their mechanical strength and structural stability at high temperatures are considered particularly important. Figs. 8 and
9 present the residual compressive strengths of the geopolymers BFR and CTFR, respectively, after their exposure to the studied high
temperatures. Both materials were cured at 50 °C for 7 days and hardened at ambient temperature for 7 and 28 days, before being ex-

Table 3
Physical properties of the prepared geopolymers.

Geopolymer code name Density (kg/m3) Mass loss (%)

Hardening time

7 days 28 days 7 days 28 days

BFR 1554 1526 2.05 2.88
CTFR 1743 1621 4.36 7.01

Fig. 8. Residual compressive strengths of the BFR geopolymer after exposure to high temperatures for 2 h (curing at 50 °C for 7 d; hardening at ambient temperature for
7 and 28 days).
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Fig. 9. Residual compressive strengths of the CTFR geopolymer after exposure to high temperatures for 2 h (curing at 50 °C for 7 d; hardening at ambient temperature
for 7 and 28 days).

posed at the studied high temperatures. Figs. 8 and 9 include also the compressive strengths of BFR and CTFR, respectively, after their
curing and hardening, in order to serve as the reference value.

According to Fig. 8, after the exposure of BFR at 600 °C, the residual compressive strength was approximately 75% of its strength
after curing. When the same material was exposed at 800 °C, its compressive strength was quite similar to that before the heating
treatment (Fig. 8), while it was slightly increased after the material’s exposure to the highest tested temperature of 1050 °C. As shown
in Fig. 8, the increase of the hardening period also increased the residual compressive strength of BFR upon firing at the different tem-
peratures, by a similar percentage (∼22%).

Regarding CTFR geopolymer, its residual compressive strength at 600 °C was about 50% of that of the unheated material, as
shown in Fig. 9. The residual strength further decreased, after the specimens’ exposure at 800 °C, retaining about 40% of the strength
value it had before any thermal treatment (Fig. 9). Further increase of the exposure temperature to 1050 °C involved a sharp increase
in the residual compressive strength of CTFR, in comparison to the one measured after exposure at 800 °C and also a very small im-
provement, in comparison to the strength of the unheated material (increased by about 10%) (Fig. 9). As the hardening time of the
unheated specimens was increased from 7 to 28 days, the residual compressive strength of CTFR increased by about 10 MPa, after fir-
ing at 600–800 °C. At the highest investigated temperature of 1050 °C, the residual compressive strength remained almost un-
changed, regardless the hardening time (Fig. 9).

The changes in the compressive strength of BFR and CTFR geopolymers observed after their exposure at the studied elevated tem-
peratures are related to structural rearrangements that took place in their matrices, due to water evaporation, dehydroxylation and
phase transformations [48–50]. The decrease in the compressive strength observed after the thermal treatment of BFR (Fig. 8) and
CTFR (Fig. 9) at 600 °C can be attributed to the vapour pressure effect taking place in the geopolymeric matrix, due to the dehydra-
tion and dehydroxylation of the alkali-silicate-aluminate hydrate phases conducted at this temperature. During the heating of
geopolymers at around 300 °C, the physically and chemically bonded water in the geopolymeric matrix evaporated gradually [49],
while at temperatures above 300 °C and up to about 600 °C, dehydroxylation of the silanol (>Si–OH) and aluminol (>Al–OH) groups
also occurred [48]. The removal of water molecules and hydroxyl ions from the geopolymeric matrix disarranged the polymeric net-
work, while the formed vapour, in combination with the heat transferring, involved the gradual growth in pore pressure inside the
geopolymeric gel-type phase. When this pressure exceeded a maximum limit for the capillary of the geopolymeric gel phase and given
the low permeability and the micro-to nano-porosity of geopolymers [1,6], an intensive micro-cracking occurred inside the materials,
leading to a significant reduction in their mechanical strength. Except for the aforementioned vapour effect, the softening of the al-
kali-aluminosilicate gel phase that starts at around 500–550 °C [49], as well as the alpha-beta transition of quartz taking place at
573 °C [26], also contributed to the decrease in compressive strength of both the geopolymers. Indeed, the larger extent of geopoly-
merization that took place in CTFR, rather than in BFR, as was argued above, and the predominance of quartz in the raw sample of
WCT (Fig. 4) could reasonably expalin and justify the sharper decrease in the compressive strength of WCT noted at 600 °C.

The important changes in pore structure occurred at higher temperatures due to sintering of the geopolymeric matrix have also af-
fected the mechanical strength of both the studied geopolymers. Between temperatures of 550 and 900 °C, the alkali-aluminosilicate
gel-type phase of geopolymers forms a viscous binder that sinters the solid particles of the geopolymeric precursor through diffusion
in the contact zone of their boundaries [26]. Sintering reduces the porosity of materials and promotes the increasing in their mechani-
cal strength [29,30,48,49], as it results in the densification of the geopolymeric matrix into a glass- or ceramic-like structure [50]. The
viscous geopolymeric gel phase that is formed fills the existing pores in the geopolymeric matrix, while at high temperatures leads
also to crack healing [26,50]. As shown in Fig. 8, BFR geopolymer regained its initial compressive strength after exposure at 800 °C,
due to the sintering occurred in its matrix. The compressive strength of BFR remained almost constant after its exposure at 1050 °C, as
well (Fig. 8), which indicates the completion of the sintering process and the solidification of the material. On the opposite, the sinter-
ing appeared to be incomplete at 800 °C in the case of CTFR (Fig. 9), which comprises an additional indication of the greater degree of
polymerization that occurred in this material. The high amount of the formed geoplymeric binder in CTFR decelerated the interparti-
cle binding process and thus, increased the temperature of the viscous sintering completion, as seen in Fig. 9. The sharp increase of
the CTFR compressive strength noted after its exposure at 1050 °C (Fig. 9) confirms this consideration. In general, after the comple-
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tion of sintering, geopolymers remain stable up to 1200–1400 °C, depending on the melting point of the crystalline phases such as
nepheline, kalsilite, mullite or leucite that are formed in their matrices at temperatures above 800 °C [26,29,30,37].

The above-mentioned microstructural changes that took place in geopolymers after their firing at the studied high temperatures,
and therefore affecting their mechanical strength, were also confirmed through the FTIR analysis. The relevant FTIR spectra of BFR
and CTFR geopolymers are presented in Figs. 10 and 11, respectively. As shown in Figs. 10 and 11, the absorption band that appeared
at 1650 cm−1 in the spectra of the unheated geopolymers BFR and CTFR, respectively and was attributed to the vibration of the
H–O–H bonds in the water molecules, has been eliminated in the spectra of the corresponding geopolymers, after their heating at
600 °C (Figs. 10b and 11b, respectively). Accordingly, the peaks related to the hydroxyl-ion bonds vibrations that appeared at the
wavenumbers 1460 cm−1 (Si–O and Al–O bonds vibration) and 850 cm−1 (Al–O bond vibration) in the spectra of BFR and CTFR
geopolymers shown in Figs. 10a and Fig. 11a, respectively, disappeared in the spectra corresponding to BFR and CTFR after their ex-
posure to 600 °C (Figs. 10b and 11b, respectively).

The structural rearrangements that occurred due to the sintering and densification of the geopolymeric gel phase and have taken
place during the exposure of both geopolymers at 800 °C, were also revealed through FTIR analysis. As seen in Fig. 10, the absorption
band of T-O-Si stretching vibration that was located at 978 cm−1 in the spectrum of BFR (Fig. 10a) moved to lower wavenumber
(939 cm−1), after the exposure of BFR at 600 °C (Fig. 10b), indicating enhanced polymerization. The same absorption band moved
again to a higher wavenumber (966 cm−1), after the exposure of BFR at 800 °C (Fig. 10c), denoting recrystallization of the geopoly-
meric gel phase [26,32]. The above structural changes are consistent with the initial decrease and the subsequent increase of the com-
pressive strength of BFR, after its exposure at 600 and 800 °C, respectively (Fig. 8). The broad band found at the wavenumbers
1200–800 cm−1 in BFR spectrum after heating of the material at 1050 °C (Fig. 10d) implied lower polymerized silica, which justifies
the very small improvement in the compressive strength of the relevant material (Fig. 8).

Similarly, in the spectra of CTFR geopolymer, the absorption band of T-O-Si stretching vibrations that was located at 995 cm−1,
before and after heating the material at 600 °C (Fig. 10a and b, respectively), shifted slightly to higher wavenumbers after the expo-
sure of CTFR at 800 and 1050 °C (Fig. 10c and d, respectively). This shifting indicated the sintering of the aluminosilicate gel phase
and the crystallization of new phases [43,44], which improved in turn the compressive strength of CTFR at 1050 °C (Fig. 9).

The dehydration and dehydroxylation of the alkali-silicate-aluminate hydrate phases occurring at temperatures up to 600 °C im-
ply a significant reduction in the materials’ mass and consequently, in their density. Taking into account the properties of the un-
heated geopolymers (Table 3), the BFR geopolymers that were hardened for 7 and 28 days presented a mass loss of about 6% and 8%,

Fig. 10. FTIR spectra of the BFR geopolymer after (a) curing at 50 °C for 7 d and exposure for 2 h to (b) 600 °C, (c) 800 °C and (d) 1050 °C.

Fig. 11. FTIR spectra of the CTFR geopolymer after (a) curing at 50 °C for 7 d and exposure for 2 h to (b) 600 °C, (c) 800 °C and (d) 1050 °C.
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Table 4
Properties of the BFR and CTFR geopolymers after exposed at high temperatures.

Geopolymer code name Temperature (oC) Density (kg/m3) Mass loss (% wt)

Hardening time

7 days 28 days 7 days 28 days

BFR 50 1554 1526 2.05 2.88
600 1475 1476 6.21 7.81
800 1430 1431 7.53 9.46
1050 1434 1437 7.97 10.02

CTFR 50 1743 1621 4.36 7.01
600 1583 1579 9.55 13.02
800 1569 1578 9.60 13.19
1050 1578 1566 9.91 13.55

respectively, after their exposure at 600 °C (Table 4), while the corresponding mass loss in the case of the CTFR geopolymers, was be-
tween 10% and 13%, as seen in Table 4. At this temperature, the apparent density of the unheated BFR (Table 3) was slightly reduced
by almost 50–80 kg/m3 (Table 4), while in the case of the CTFR geopolymer, the reduction of density was about 160 kg/m3, which is
almost twice larger than that of the BFR geopolymer (Table 4). Despite the significant microstructural changes that occurred in
geopolymers in the temperature range of 200–600 °C, only a few small cracks were observed on the specimens’ surfaces of both the
BFR and CTFR geopolymers, after their exposure at 600 °C (Fig. 12). These cracks were more visible on the surface of BFR specimens.

The thermal exposure of geopolymers at 800 °C resulted in a small decrease in their density and an increase in their mass loss
(Table 4), which both are related to the sintering and densification of the geopolymeric matrices. The weak increase in the density of
both geopolymers noted after their exposure at 1050 °C, even though both of the materials presented a small mass loss (Table 4), is at-
tributed to the formation of new crystalline phases [26,27].

Only a few intensive cracks, without any other sign of spalling or deformation, were visible on the specimens’ surface of both
geopolymers, after their firing at 800 ο C (Fig. 12). It is important to note that these cracks disappeared from both geopolymers after
their exposure at 1050 οC, due to self-healing by the sintering of the viscous geopolymeric gel phase that took place at this tempera-
ture [32].

4. Conclusions
From the present research study, the following conclusions are summarized.

- The geopolymers based entirely on waste cricks and waste ceramic tiles were proved stable after their exposure to elevated
temperatures up to 1050 °C. Only a few surface cracks were visible, after the exposure of the geopolymers at 600 °C. The
observed cracks became more intensive after exposure at 800 °C and disappeared from both of the geopolymers after their
exposure at 1050 οC, due to self-healing phenomena that are related to the sintering of the geopolymeric gel phase.

- The significant decreases in the materials’ compressive strength and density observed after their exposure at 600 °C were
attributed to the structural changes that took place in the geopolymeric matrices, due to dehydration and dehydroxylation
processes. The higher degree of geopolymerization in the waste ceramic tile-based material resulted in more intense decreases in
the compressive strength and density, than the corresponding values in the waste brick-based one.

- The sintering process that took place in the geopolymeric matrix above 600 °C increased the compressive strength of the
waste brick-based geopolymer, after its exposure at 800 °C. This strength improvement was decelerated in the case of waste
ceramic tile-based material, due to the higher degree of geopolymerization. At 1050 °C, the compressive strengths of both
materials were further improved and reached almost the reference values of the unheated specimens.

− The investigated geopolymers have the potential to be effectively used for the passive fire protection of buildings. Their good
thermal and mechanical performance at high temperatures, in combination with the utilization of waste materials for their
production, the remarkably low processing temperature and carbon footprint, make them very attractive as fire-resistant
materials. In this direction, it is necessary to define their exact applications and the relevant specifications, while further
investigation for their up-scaling is required.
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