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Class F Fly ash-based geopolymers are prone to various high-temperature phenomena, such as cracking, spalling,
and thermal shrinkage. Here we study the effect of enriching the Class F fly ash with synthetic sodalite phase in
order to enhance the thermal properties of the formed geopolymer. The morphological changes, compositional
changes, alterations in porosity, high-temperature gel behaviour, and the effect of sodalite on the deformation of
the material after thermal exposure up to 1000 °C are investigated by a multiple-analytical approach. Results

indicate that adding 5 wt% of the sodalite phase enhances considerably high-temperature performance by
inducing phase formation, including anorthoclase, wollastonite, and leucite. Besides, the sodium-bearing sodalite
phases lowered the glass transition temperature, thanks to the formation of a mixed K-Na glass phase. Moreover,
thermal shrinkage at high temperature is substantially reduced by the addition of sodalite, suggesting its function

as a skeletal reinforcement.

1. Introduction

Increased awareness and demand for fire safety of buildings are
promoting research on fire-resistant materials, especially inorganic-
based materials. One recent focus is geopolymers thanks to their high
corrosion (acidic attack) and high-temperature resistance [1-3], in
addition to their considerably eco-friendly characteristics. Geopolymers
are formed by alkaline activation of aluminosilicate sources such as fly
ash [4-5]. The lower water demand of fly ash-based geopolymers ben-
efits in minimizing the damage caused by water evaporation during
high-temperature exposure. Furthermore, compared to metakaolin-
based geopolymers continuous sintering of fly ash particles triggered
particle binding and strength increase with temperature increase. The
aluminosilicate gel contributes essentially towards the high-temperature
performance. However, geopolymers also release the physically and
chemically bound water at elevated temperatures, which can destabilize
the material structure and cause the thermal shrinkage and crack for-
mation [6]. Besides, the vapor pressure produced by both the physically
and chemically absorbed water within the matrix will attempt to escape
at elevated temperature. Thus, the level of thermally-induced damage is
highly dependent on the pore structure of the material. Moreover, the
research conducted by Ozawa and Shaikh [7] showed that pure fly ash-

based geopolymer did not exhibit the abrupt decrease in vapour pressure
reported in cement-based and fly ash/slag-based materials, resulting in
spalling and cracks, which may also demonstrate the advantageous
utilization of fly ash in synthesis of geopolymer. Taking into account the
enormous influence of the microstructure on geopolymer thermal
degradation, the research focusing on the improvement of the matrix in
order to address these issues is of great significance.

Currently, different approaches have been taken to minimize
shrinkage by enriching geopolymer with different fillers [8-12], as well
as, to change the microstructure by optimizing the pore structure. Direct
foaming [13-16] or sacrificial filler [15,17-18] are two methods for
generating highly porous geopolymers. Those methods are effective;
however, a substantial decrease in material strength is observed across
the entire temperature range, as well as increased shrinkage induced by
viscous flow at above 600 °C [19]. Several recent studies focus on hybrid
geopolymers due to their unique room and high-temperature perfor-
mance. This hybrid form of geopolymers can be produced by incorpo-
rating organic compounds, such as organic resin [20], or inorganic
compounds, such as highly crystalline zeolites [8]. The latter approach
provides an alternative path to alter the pore structure of geopolymer
composite.

Zeolites have been reported for various applications such as
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adsorption of heavy metals for disposal [8,21], as a geopolymer pre-
cursor [22-23] or as a filler to improve srength performance [24]. Ze-
olites are aluminosilicates with an open tetrahedral framework that
results in considerable open micropores in the structure and allows ion
exchange and reversible dehydration. These characteristics could pro-
vide geopolymers with defined pathways that make the dehydration at
elevated temperatures possible without causing structural damage.

Several zeolites are known to maintain their crystal structure at
elevated temperatures, for example, those with a sodalite, analcime, or
faujasite framework [25]. Among these zeolites, sodalite
((Mg(AISiO4)6X2), where M is a cation (e.g., Na*, Ca®™) and X is an anion
(e.g., CI', I', OH)) is the most promising candidate, due to its high
temperature [25-26] and high alkaline stability [27]. Moreover, the
synthesis proposed by Franus et al. [28] allows for the reproducible
sodalite synthesis from Class F fly ash, which can also serve as a solid
precursor for geopolymers. However, there is little information about
the high-temperature behaviour of the zeolites themselves. For instance,
its path of transformations, the ability to undergo amorphization,
recrystallization, dealumination during thermally-induced dehydrox-
ylation [21,29], and large volumetric phase changes have not been
systematically studied.

The main objective of this article is to evaluate whether ex-situ so-
dalite enrichment can influence the performance of fly ash-based geo-
polymer at high temperature and the associated behaviour related to the
phase composition and microstructure alteration. We firstly discussed
the hydrothermal synthesis of sodalite from fly ash, as well as the
identification of its structure and quantitative analysis of the resulting
product using Rietveld refinement method. The synthesized sodalite was
then added to the geopolymer paste and the quantitative phase analysis
was performed to investigate the evolution of the phase composition
after high-temperature exposure, the stability of sodalite in the geo-
polymer matrix, and its influence on the formation of new phases. Be-
sides, thermal analysis (TG-DSC) was employed to monitor the reactions
as well as melting caused by the elevated temperature. Moreover, the
effects of sodalite on the evolution of the strength, pore structure, as well
as gel morphology under high-temperature conditions, were investi-
gated. The investigation revealed that sodalite can play two roles in
geopolymers, under both low (up to 600 °C) and high temperature
(>600 °C) environments. At low temperature, attributed to its porous
structure, in combination with the pores in geopolymers, effective paths
can be created for escaping water, which helps to reduce or avoid water
vapor pressure-induced thermal spalling damages. In terms of high
temperatures, above 600 °C, sodalite would act as a backbone for
amorphous geopolymer gels, which would lose stability due to thermal
shrinkage and melting.

2. Methodology
2.1. Material and reagents

In this study, Coal Combustion Fly Ash class F was used as the solid
precursor both for zeolite synthesis and geopolymer preparation. So-
dium hydroxide pellets and sodium chloride solution (3 mol/1) were
used (Sigma-Aldrich Chemie GmbH, analytical purity). The composition
of fly ash was determined by X-ray fluorescence spectrometry (XRF;
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considered as a reactive part of the raw material (Table.2).
2.2. Procedure of sodalite synthesis and its characterization

The synthesis of sodalite was performed by mixing 60 g of Coal
Combustion Fly Ash with 0.8 1 of sodium hydroxide solution (Cyy = 5
mol/1) and 0.5 1 of sodium chloride solution (Cy = 3 mol/l). This
methodology is based on Franus et al. [28], which, by the authors, is
considered to be one of the most practical ways to obtain the sodalite
phase from Coal Combustion Fly Ash. The synthesis was carried out
using a round bottom flask (volume 2 L) with a reflux condenser to avoid
evaporation and keep a constant liquid-to-solid ratio (L/S). The slurry
was mixed constantly using a magnetic stirrer with temperature control.
Heating was performed on the heating plate with oil bath. The synthesis
conditions include 22 h of stirring at a temperature of 105 °C. Table 3
shows the composition of the oxides and a significant reduction of silica
content was observed due to the partial dissolution of soluble Si in NaOH
solution, which resulted in a lower SiO5/Al;03 ratio. Furthermore, the
presence of sodium and chloride is associated with the reaction envi-
ronment. Fig. 1 shows the reaction product where sodalite formed
clusters and precipitated on the fly ash spherical particles, and the for-
mation of these aggregates has been observed in the literature [30-31].
The crystal size based on SEM was estimated to be ~ 4 um and the BET
surface area was calculated to be 24.15 m?/g. The pore width with the
range > 3.5 nm and the mean pore width was established at 14.6 nm
which defined sodalite-rich material as meso-macroporous with a sig-
nificant contribution of pores size 4 nm as visible in Fig. 2. The broad
pore size distribution between 4 and 100 nm is in agreement with pre-
vious studies regarding sodalite crystals synthesis [31-33].

Fig. 3 shows the XRD patterns of Class F Fly Ash and sodalite-rich
product. The phase composition of fly ash revealed the majority of
amorphous phase (78.1 wt%) and typical crystalline phases such as
quartz, mullite, and iron oxides with a minor content of additional
phases (see Table A in Appendix). The diffractogram of the sodalite-rich
product shows that the synthesis was indeed successful and that sodalite
is the main component (36.3 wt%). Noteworthy, the ash has not un-
dergone any additional treatments to remove impurities. The sodalite
phase includes both chlorosodalite (30.5 wt%) and hydroxysodalite (5.8
wt%) which is a typical phenomenon of hydrothermal synthesis. It
should be mentioned that the term sodalite in this study describes a
mixture of chloro- and hydroxy- sodalite.

IR spectroscopy has been used to identify the structures of the syn-
thesized sodalite. Fig. 4 shows the FT-IR spectrum with the character-
istic absorption bands highlighted, which allowed the material to be
classified as aluminosilicate sodalite spectrums based on the standard
building structure units, confirming the formation of chlorosodalite
[34].

Table 2
Fly ash reactivity based on amorphous Si/Al content

Moles of Si per 100  Moles of Al per 100  Si/Al molar

g of FA g of FA ratio
PANalytical Epsilon 3) with the application of fused beads (Table 1). Total content (CRF) _ 0.8538 0.5281 L6z
. . . otal content . . .
The Si/Al molar ratio based on XRF and XRD analysis revealed the Grystalline content 0.1959 0.1315 1.49
potential reactivity of the analyzed system, an interesting phenomenon (XRD)
related to a similar value of Si/Al ratio between amorphous content and Amorphous content  0.6579 0.3966 1.66
XRF measurement. It is assumed in this study that an amorphous part is
Table 1
Oxide Composition of Fly Ash.
Component Si0, Al,03 Fey03 CaO MgO K20 P>0s5 TiOy SO3 SrO Other oxides LOI
Amount (%) 51.30 26.92 7.61 5.20 1.10 1.46 0.60 1.43 0.34 0.17 0.25 3.62
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Table 3
Oxide Composition of the reaction product
Component SiO3 Al,O3 Na,O Fe,03 Ca0O Cl MgO TiO, SO3 P,0s5 K20 Others LOI
Amount 31.8 25.6 14.3 6.9 5.4 1.3 1.2 1.5 0.3 0.2 0.1 0.3 12.5
(% by mass)

50

Fig. 1. SEM of hydrothermal reaction product.

2.3. Mix design and sample preparation

The alkaline solution for the geopolymer was prepared by mixing
potassium hydroxide pellets (VWR Life Science, reagent grade) and
potassium silicate solution (WHC GmbH, K50 8 %, SiO5 20.8 %, 72.8 %
H20 by mass) to obtain a SiO3/K20 ratio of 1.4. The selection of the
silica modulus was based on previous research [35].

The sample composition is presented in Table 4. The amounts of
zeolite added, 3.5 wt% and 5 wt%, are based on work by Krivenko and
Kovalchuk [36], who observed that the content of zeolite between 2.5
and 10 wt. % performs well under high-temperature conditions. Prior to
the application, the sodalite was pre-mixed with deionized water to
avoid problems with workability due to the high-water adsorption [37].

Mixing the fly ash with a potassium-based activator for 3 min was
preceded by a one-minute mixing of the dry fly ash for homogenization.

Then zeolite slurry was added to the fresh paste. This blend was mixed
for a further two minutes to obtain a homogeneous mixture with the
evenly dispersed sodalite. The prepared pastes were cast into moulds
with the dimensions of 40 mm x 40 mm x 160 mm. The samples were
first sealed cured at ambient temperature for 24 h [38] and then cured at
an elevated temperature of 60 °C for 24 h in the climate chamber (80 %
RH) to facilitate geopolymeric reaction [39]. Next, the samples were
sealed in plastic foil and stored at room temperature until the testing
time.

2.4. Characterization techniques

The phase analyses of both synthetic zeolites and geopolymer before
and after high-temperature exposure were performed by XRD mea-
surements. Powder samples of geopolymers were back loaded in the
sample holders and measured with a Bruker D4 equipped with a Lyn-
xEye detector. The range of 10-80° (20) was measured with a 0.02° step
size using a Co-Tube. Qualitative analysis was carried out with X’Pert
HighScorePlus 2.2 (PANalytical), while quantitative X-ray diffraction
analysis (QXDA) with Rietveld refinement was conducted by the soft-
ware Topas Academic v4.1. Silicon powder was used as an internal
standard. The crystal structures with ICSD number are listed in Table 5.

After 28 days of curing, mercury intrusion porosimetry (MIP) tests
were carried out on the paste samples. The cubic pieces were crushed to
obtain particles with a size of 3 mm, they were immersed in isopropanol
to stop the hydration and dried in a desiccator for 3 days [40]. The
measurements were conducted using an AutoPore IV Series Porosimeter.
The applied contact angle of mercury was 130° and the surface tension
485 dynes/cm.

The thermal behaviour of geopolymer specimens at the age of 28
days was evaluated using a STA F1 Jupiter analyzer (Netzsch In-
struments). The measurement was carried out from 40 to 1000 °C at a
heating rate of 10 °C/min in nitrogen atmosphere with a flow of 20 ml/
min. For the DSC analysis, additional measurements were included with
a variation of heating rate from 5 to 20 °C/min in order to confirm the
glass transition temperatures.

The high-temperature tests were performed on samples at the age of
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Fig. 2. SEM and BET analysis of sodalite crystals synthesized from fly ash.
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Sodalite-rich product

20 (deg)

Fig. 3. XRD diffractograms of the fly ash and material after hydrothermal
synthesis: sodalite-rich product. Legend: (* -Sodalite; Q — quartz; M — Mullite; I

— Iron (III) oxide, *-Sodalite; (detailed phase analysis shown in
Table A (Appendix)).
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Fig. 4. FT-IR of sodalite-enriched material. Region I represent v,s (Al-O-Si) ~

957 cm™Y; region II vy (Al-O-Si) ~ 650-750 cm™! and & (O-T-O0) ~
460-400 cm 1.

Table 4
The specific composition ratios of geopolymer pastes.
Sample  Fly ash Sodalite-rich Water/ K20/ Si0y/
wt. % material Binder* Binder K20
In Pure
total sodalite
G-FA 100 - - 0.17 5.5 1.4
G-S1 85 15 3.5 0.23 5.5 1.4
G-S2 78.5 21.5 5.0 0.29 5.5 1.4

*includes water used for pre-treatment of sodalite-rich material.

28 days. The samples were placed in a muffle furnace at room temper-
ature and heated up to the temperatures 400, 600, 800 or 1000 °C
respectively at a heating rate of 10 °C/min and exposed at specific
temperatures for 1 h. This was followed by short water-quenching
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Table 5
List of XRD patterns used in qualitative and quantitative analysis with ICSD
number.

Phase name Formula ICSD number
Quartz Si0y 27831
Mullite Al; 304.85Si1.08 43298
Magnetite Fe304 31156
Hematite Fe,03 15840
Maghemite v-Fex03 87121
Sodalite group Sodalite AlgCl,Nag024Sig 98807
Hydroxysodalite Nag(SigAls024)(OH)2(H20)2 412496

Leucite Al 96KOgSiz 04 9826
Anorthoclase AlKg 333Nag ¢6708Si3 31180
Hallite potassian ClKo.0997Nag.0003 28947
Anatase O,Ti 63711
Periclase MgO 26958
Wollastonite-1A CaosSi 23567
Pyrrhotite Fe;Sg 42491
Calcite CCaO3 40107
Nepheline Al4KNa3016Sis 26007

during the first 15 min after 1-hour exposure and further air-quenching.

SEM analyses were performed by using a Phenom ProX scanning
electron microscope with a BSD detector to investigate the geopolymeric
gel changes after high-temperature exposure. Micrographs were recor-
ded at 10.00 kV, while the EDX analysis at 15 kV. The core samples were
obtained by cutting and further polishing of the samples. The specimens
were sputtered with gold (Emitech K550X sputter coater current 60 mA,
coating time 30 s). Additionally, optical microscope ZEISS Axio
Observer with lens turret 5x and 10x was applied to support SEM find-
ings and observe colour changes of the sample after 1000 °C exposure.

The volumetric changes were measured on the prisms before and
after exposure to high temperature, expressed in percentage. The values
are an average of three measurement per mix and temperature setting
using digital caliper to find the length, width, and height of each prism
and calculate the total volume. The compressive strength of the samples
after 28 days and high-temperature exposure was determined according
to the standard EN 196-1 [41] as an average value of six measurements
for each mix.

3. Results and discussion
3.1. Phase characterization

Fig. 5 shows the diffractograms of the FA geopolymer containing 3.5
and 5.0 wt% of sodalite in comparison with sodalite-free geopolymer
before heating. All the 3 samples were cured for 28 days. As can be seen,
the addition of sodalite has very little influence on the crystalline
structures. G-S2 paste was characterized by a lower content of the
amorphous phase 76.7 wt% compared to the reference paste G-FA 82.3
wt%; however, the general composition stayed similar with the only
exception of the presence of sodalite for sample G-S1 and G-S2. To
investigate the composition of pastes, the phases were identified and
quantified by QXRD (Table A in Appendix). At ambient temperature,
mostly amorphous phases were formed, as a result of fly ash particles
dissolution and geopolymer gel formation.

It can be observed that the synthesized sodalite phase is relatively
alkali-resistant [27]; the initial content of sodalite 3.5 and 5 wt% was
only slightly reduced to 2.6 and 3.9 wt%, respectively. The maximum
dissolved amount after 28 days is 25.7 %, obviously lower when
compared to the results reported by Baykara et al. [42] who observed
that the modernite dissolution varied from 30 to 60 wt%. This confirms
the relatively high stability of sodalite synthesized in this study in a
high-alkaline environment.

To understand the evolution of crystalline phases, specimens of three
geopolymer pastes initially cured at 60 °C and finally stored at room
temperature until the age of 28 days were heated at 400, 600, 800 and
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20 (deg)

Fig. 5. XRD diffractograms of non-modified geopolymer paste (G-FA) and with
sodalite-enrichment (G-S1 and G-S2) after 28 days, Legend: Q — quartz, M —
Mullite, I — Iron (III) oxide, *-Sodalite; (detailed phase analysis shown in
Table A (Appendix)).

1000 °C. Fig. 6 depicts a qualitative analysis of the findings, whereas
Fig. 7 illustrates a quantitative explanation of the findings, including
amorphous content variation. The analysis of the three prepared speci-
mens revealed that the addition of sodalite influenced the phase for-
mation in geopolymer at high-temperature. Fig. 6 demonstrates the
maximum temperature of the measurement in which sodalite was
identified. Lastly, Fig. 6 presents new thermally-induced crystalline
phases, such as wollastonite, leucite, anorthoclase, nepheline or hema-
tite. The maximum temperature where sodalite could still be identified
was at 800 °C, which is similar to the findings of Bardez et al. [43]. This
is due to the fact that changes in the range up to 900 °C are expected;
however, the temperature measurement step (200 °C) did not allow for
the precise determination of the temperature at which sodalite is no
longer detected in XRD.

To better comprehend the nature of the aforementioned changes, a
graphical depiction of the XRD Rietveld refinement was created (Fig. 7).
In both G-S1 (Fig. 7b) and G-S2 (Fig. 7c), the amount of crystalline phase
was increased, such as hematite, anorthoclase and leucite with the rise
of the temperature, while G-FA underwent amorphization at above
800 °C which can be related to the melting process that lowered the
stability of the matrix. In the sodalite free sample, decrease in amor-
phous phase up to 800 °C (77.6 wt% vs. 82.3 wt%) was observed due to
the crystallization of hematite and nepheline. At temperatures above
900 °C the amorphous content increased again (80.4 wt%) due to the
melting of mullite. In the sodalite samples, on the other hand, a
continuous decrease in amorphous phase was observed due to the
crystallisation of wollastonite, anorthoclase, nepheline and leucite.

The crystalline phases that have been identified in the sodalite-
enriched samples are wollastonite and two feldspars anorthoclase and
leucite. During the hydrothermal reaction of fly ash with NaOH, calcium
appears to have been released and enriched the binder phase [44]. Non-
new calcium-barring phases were identified in geopolymers but calcium
enriched gel in the presence of chlorides did enhance the wollastonite
formation [45]. Wollastonite can be originally identified (<1.0 wt%) in
fly ash [46] and the analysed fly ash contained 0.6 wt% of wollastonite
phase. However, in the geopolymer composites, G-S1 and G-S2 wollas-
tonite had become more intensified after thermal exposure at above
600 °C, 2.3 wt% and 2.8 wt% respectively, which can be explained by
the presence of chloride from sodalite decomposition that can influence
wollastonite formation by lowering its crystallization temperature from
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900 to 700 °C [44,46]. Chloride ions can influence the interaction be-
tween silica and calcium present in the matrix and direct the formation
of wollastonite. In this temperature range, the amorphous calcium sili-
cates underwent melting, which made the matrix more homogenous,
thus the calcium ions were well-distributed in the matrix and could react
with chloride providing the crystallization of wollastonite [47]. Along
with the increase in the amount of sodalite from 3.5 to 5 wt% in the
initial composition, an increase in the amount of wollastonite at 800 °C,
2.3 and 2.8 wt%, respectively was observed, while the reference showed
the same wollastonite content (1.0 wt%).

In the geopolymer sample of G-S1 and G-S2, the formation of anor-
thoclase ((Na,K)AISi3Og) and a minor amount of leucite (KAlSi;Og) was
driven by the sodalite decomposition. Anorthoclase is a potassium- and
sodium-bearing feldspar whose presence is linked to both the potassium-
based activator and the sodium-rich product of hydrothermal reaction.
Mouiya et al. [48] reported that the potassium-containing minerals such
as anorthoclase are easily embedded in molten silicate formed in the
temperature range 700-800 °C via dehydration and recrystallization.
The quantified amount can be correlated to the initial amount of sodalite
in the specimens. Leucite, the additional felspar, was formed as a result
of sodalite decomposition by the reaction of KoO with free SiO2 coming
from the sodalite. The amount of free silica and exposure temperature
direct the content of leucite [49].

Furthermore, a small amount of halite was also formed due to the
dissolution of sodalite and the presence of potassium ions in the glass
phase. An interesting phenomenon is related to the nepheline crystalli-
zation at above 800 °C. Based on previous research [50-51], it was
expected that the amount of nepheline would increase as a result of the
sodalite decomposition, however, in this study sodalite promoted for-
mation of two thermally stable phases such as anorthoclase (6.6 wt% G-
$2) and wollastonite (2.8 wt% G-S2). Moreover, the highest amount of
nepheline at 1000 °C was detected in the reference (0.7 wt%) while G-S1
and G-S2 possessed 0.4 wt% and 0.13 wt% respectively. Noteworthy, the
formation of the nepheline phase which is associated with a volume
expansion as shown by Stjernberg et al. particularly in the range 650 to
750 °C, which can cause volumetric instability and formation of cracks
[52-53]. Thus, it can be assumed that sodalite improved thermal sta-
bility of the paste by promoting the formation of more stable phases.
Nepheline formation may result from the disintegration of mullite above
600 °C from 10.4 wt% to 5.9 wt% for the reference material, due to the
reaction of this phase with the surrounding matrix [54]. In every sample
irrespectively to the sodalite enriching, the amount of quartz and
anatase remained stable. Moreover, the increased content of iron oxide
was explained by the opening of the unreacted fly ash spheres at above
600 °C [55], as well as dehydroxylation of amorphous iron oxides and
formation of hematite initiated above 400 °C [56].

3.2. Thermogravimetric analyses (TG-DSC)

The TG results (Fig. 8) showed that the geopolymer had a continuous
mass loss at elevated temperature, and the cumulative mass loss at
1000 °C of G-FA, G-S1, and G-S2 was 6.14, 6.71, and 7.36 %, respec-
tively. Each sample showed similar mass loss at temperatures ranging
from 40 °C to 100 °C due to the loss of the remaining physically bound
water which should be removed during hydration stoppage. Moreover,
the initial dehydration of hydrated aluminosilicate species and poly-
condensation occurred above 100 °C [1]. Above 300 °C, the mass loss
was attributed to the release of chemically bound water and decompo-
sition of metal-OH groups from sodalite [58]. The increase of the
gradual weight loss between 300 °C and 700 °C (Fig. 8) was related to
sodalite enrichment and was associated with dehydroxylation of the
chemically bound group of silicon-hydroxyl and polymerization [59].
For sodalite enriched pastes, the shift of the weight loss to a higher
temperature range (300-1000 °C) was associated with the dehydration
of the sodalite structure and the transformation of sodalite to other
aluminosilicates. Note that, hydrothermally synthesized chlorosodalite
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Fig. 6. XRD diffractograms of geopolymer pastes after high-temperature exposures with marked only new appeared phases and sodalite. Legend: 1. Sodalite; 2.
Hematite; 3. Leucite; 3* overlapping peak of mullite and leucite; 4. Anorthoclase; 5. Wollastonite; 6. Nepheline.
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Fig. 8. TG curves of the composites after 28 days of curing. The table presents
the mass loss in the specific temperature range (note: curve G-S1 and G-S2
overlaps). 1) loss of chemically bound water [57]; 2) slow halite decomposition
and dehydroxylation associated with carbonate release from sodalite-
rich material.

contains a small amount of hydroxysodalite, as indicated in XRD anal-
ysis, and this phase underwent multiple-step dehydration and dehy-
droxylation [60]. Hydroxysodalite phase increased the mass loss up to
700 °C and increased with the increased sodalite addition. Above 700 °C
the mass loss can be assigned to further dehydroxylation of sodalite
structure and chlorines volatiles until complete decomposition of this
crystalline phase.

DSC (Fig. 9) is applied to present the reactions that took place during
the tested temperature range. The DSC curve provided information
about simultaneous (re)-crystallization and amorphization of the
structures. The general observation of the DSC irrespective of the so-
dalite addition revealed a significant peak at around 150 °C, which was
attributed to the gel decomposition. The observed peak shift between
samples indicated the differences between water molecules binding with
the matrix structures.

In the hump of glass transition (Fig. 9 grey area), the peak for G-S1
and G-S2 is shifted slightly towards lower temperature which suggested
the decomposition of sodalite that affects the glass transition tempera-
ture. As a decomposition product, the amorphous phase was enriched by
chlorine and sodium present in the sodalite structure. The sodium oxide
which was incorporated into the glass phase lowered the temperature of
softening and further influenced the formation of anorthoclase and the
chloride determined wollastonite and halite formation, as discussed in
the XRD analysis. It can be concluded that sodalite embedded in the
matrix influenced the glass composition and its melting temperature,
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Fig. 9. DSC curves and glass transition determination of the samples combined
with DTG curves (dotted-line). Grey area indicated the endothermic peak
detected in each material.
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mostly by the enriching system into sodium ions.
3.3. Scanning electron microscopy and optical microscope

The microscopic observations were carried out to further observe the
effect of sodalite addition on the geopolymer composite. At room tem-
perature, the geopolymer matrix appeared similar; the additional
spherical particles in Fig. 10 G-S2 may be sourced from the post-reaction
material from the hydrothermal process, as seen in Fig. 1. The ag-
glomerates formed by sodalite crystals (also see Fig. 1) would influence
the composite porosity.

Further thermally-induced fly ash particle dissolution and formation
of geopolymeric gel at 400 °C caused the phenomenon of sodalite
crystallites embedding in a newly developed geopolymer gel, could
positively affect the homogenization of the matrix and increase the
strength in this temperature range. This phenomenon occurs when water
vapour and elevated temperature creates an autoclave condition
boosting further geopolymerization reactions [61-62]. This possible
phenomenon of coating the sodalite surface by geopolymer might
additionally limit the access to the pores that distinguished the sodalite-
enriched material. Furthermore, the stability of sodalite crystals in the
matrix after high-temperature exposure at 800 °C was confirmed
(Fig. 11). As mentioned in the various analyses, temperature above
700 °C defined the region of initiation of sodalite decomposition, but its
durability can be defined in the range of 800-900 °C, allowing crystal-
lites to be detected in both SEM and XRD analyses.

After exposure to 1000 °C (Fig. 12), the geopolymer gel showed
clearly pores and channels and became more homogeneous and
smoother due to viscous sintering. G-FA possessed a less porous struc-
ture with a predominance of closed pores, while in G-S1 and G-S2 it was
possible to identify pore, voids, and channels. Furthermore, a clear
difference in the colour of the reference sample’s outer and inner parts
were observed by the optical microscope. The observed reduced porosity
of G-FA compared to G-S1 and G-S2, or the presence of closed pores,
indicated intense melting and loss of material stability in the direction
from the surface to the central part of the sample, resulting in limited
oxidation processes in its interior and the characteristic dark area sug-
gested a reduction environment.

3.4. Mercury intrusion porosimetry

The cumulative porosity and pore size distribution results were
presented in Figs. 13 and 14, respectively. The cumulative porosity
confirmed the hypothesis that the addition of sodalite led to an increase
in pore volume, which was associated with the meso-macroporous so-
dalite, as revealed by BET (Fig. 2), as well as the formation of sodalite
agglomerates (Fig. 11) which additionally influenced the pore volume
[63]. In both samples G-S1 and G-S2 at 20 °C, the presence of sodalite
was confirmed via an obvious peak shift towards a smaller pore size
(~5.5 nm), which identified mesopores coming from sodalite-rich ma-
terial (Fig. 2). Besides, the higher peak for G-S2 agreed with the higher
amount of sodalite addition. Furthermore, at 400 °C the peak around 19
nm was observed for samples G-S1 and G-S2 that was not observed in G-
FA, which was in agreement with sodalite crystals with a dominant
spectrum of porosity between 12 and 22 nm [28]. Moreover, the in-
crease in pore throat size after exposure to 400 °C may be due to over-
lapping processes; the sodium-enriched system had a smaller pore size
than the pure potassium-based system [64]. Besides, up to the temper-
ature of 400 °C, the further geopolymerization was triggered, and fly ash
particles reacted in a series of reactions, sticking to the sodalite crystals,
embedding them in an increasingly homogeneous geopolymer structure,
as observed in SEM analysis. Simultaneously, the increase in the cu-
mulative volume was observed which resulted from the formation of
connections between pores and opening closed pores [64]. The pore size
was characterized by a wider range of pores that corresponded to the
potassium-based activation [65], whereas mesoporosity was primarily
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Fig. 11. Sample G-S2 at various temperatures. The red rectangle was marked with sodalite crystals (identification confirmed by EDS analysis).

due to the voids in the geopolymeric gel structure. Furthermore, the pore
size (above 50 nm) could be related to the gaps between unreacted fly
ash particles, regardless of the sample type. Moreover, a similar evolu-
tion of pore size distribution was also observed up to 600 °C due to the
thermally-influenced processes, where the cumulative pore volume and
the pore size increased via small size cracks, the opening of closed pores,
improving the interconnectivity and pore throat [66]. Irrespective to the
sodalite-addition, more prominent changes at 800 °C were observed
when the peak in a small region was flattened and the curve shifted
towards large pores, which were the result of crystallization and ther-
mally induced macropores formation. However, it should be emphasized
that differences existed in the porous structure, despite the above-
mentioned similarities. For sodalite-enriched pastes, the phase compo-
sition at high temperature, and more specifically, the formation of
anorthoclase, nepheline, and leucite might partially influence the
reduction of the total porosity and the reduction of pore size. An addi-
tional role was played by the melting phenomenon, with the initiations
determined by the DSC analysis. Although the sodalite-containing ma-
terial was characterized by a lower glass transition temperature, which
was also reflected in the reduced cumulative pore volume G-S2 and less
significantly in G-S1 (Fig. 13), the sodalite-enhanced system did not
suffer so much porosity degradation in the 800-1000 °C range. At
1000 °C, a distinct direction of microstructure transition between
reference and G-S2 was visible.

Furthermore, between 800 and 1000 °C, sodalite-enriched specimens
showed continuous pore size increase with an insignificant change in
small size pores up to 5 um. Apart from that the macropores peak was
shifted towards larger pore size due to the conjoining of existing big size
pores. Above 800 °C, G-FA started to lose thermal stability, which
became the most prominent after exposure to 1000 °C. Dramatical
structure densification at above 800 °C was due to the liquid formation,
which indicated the loss of thermal stability of the geopolymer (porosity

reduced from 44 to 13 %) [65], which was in agreement with the XRD
quantification analysis, SEM, and optical microscope observations. This
significant porosity decrease was not observed in sodalite-enriched
samples, which supported the finding of improved performance of
sodalite-geopolymer composite at high temperature.

3.5. Mechanical performance and volumetric deformation

The compressive strength and volumetric change of the samples after
different temperature exposures were shown in Fig. 15. It can be seen
that the reference sample showed higher compressive strength as a
result of lower porosity compared to sodalite-containing samples
(Fig. 13). However, a higher volumetric stability was shown in sample
G-S1 and G-S2 thanks to the sodalite enrichment. In the temperature
range from 20 to 600 °C, all the analyzed samples showed a similar
trend. The noticeable increase in strength after exposure to 400 °C was
attributed to the matrix densification, which also resulted in comparable
volumetric deformation because of condensation reactions of the hy-
droxyl groups [66-67]. At 600 °C, strength reduction was observed as a
result of simultaneously coexisting two phenomena, namely porosity
increase and crystallization, which was in favour of the reduction of the
amorphous part of the gel (Fig. 7). At 800 °C, a further strength increase
was seen in G-S1 and G-S2, which was driven by the sodalite decom-
position, pore volume maintained (G-S1) or decreased (G-S2), and for-
mation of new crystalline products, such as anorthoclase and
wollastonite. At the same time, as noted in the MIP and DSC analyses, a
temperature of around 700 °C is the point at which glass transition is
more significant in modified samples. The glass formation and cooling
resulted in porosity decrease at 800 °C and strength increase by particle-
binding effect. A minor influence can be also related to the formation of
anorthoclase, whose small particles filled the small pores improving
mechanical performance and wollastonite formation, which was
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Fig. 12. SEM micrographs and optical microscope pictures of geopolymer pastes after exposure to 1000 °C.

confirmed as the promoter of mechanical strength by improving the
tensile properties [68]. All geopolymer specimens showed further
shrinkage evolution due to the structure densification [56,69], which
however was more prominent in the non-enriched specimen. The
considerable rise in shrinkage observed between 800 and 1000 °C in G-
FA is due to the continued viscous sintering, which causes more dra-
matic porosity decrease, thermal shrinkage, but also continuous

homogenization of the matrix. Furthermore, G-S1 and G-S2 modified
samples have a higher proportion of crystalline phases (Fig. 7a), which,
as observed by Vickers et al. [70], act as ’intrinsic fillers’ and may
contribute to shrinkage reduction. At 1000 °C, G-FA has a large pro-
portion of amorphous phase, making it more susceptible to melting
events. Lin et al. [71] observed a dramatic shrinkage of a highly amor-
phous metakaolin-based geopolymer at elevated temperatures, implying
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Fig. 15. Compressive strength evolution and volumetric deformation of the geopolymer specimens at different temperatures.

that an amorphous geopolymer structure reinforced by thermally
resistant crystals is beneficial for volumetric thermal stability of the
composite.

Viscous sintering at high temperature affected the macropores for-
mation, volumetric shrinkage, and strength increase. At 400 °C,
regardless of the sodalite addition, all specimens were characterized by
the volumetric shrinkage in the range of 1.5 % that was resulted from the
degradation of the geopolymer gel. Afterward, the shrinkage of G-FA in
the range of 400 to 1000 °C tended to be linear. One of the reasons for
this phenomenon was the melting process, which was also responsible
for a significant decrease in porosity at 1000 °C. The overall sodalite-
enriched materials showed less shrinkage over the entire temperature
range.

10

However, attention should be paid to changes in individual tem-
perature ranges and it can be noted that sodalite played a special role up
to a temperature of 800 °C, which was associated with its decomposi-
tion. Although the temperature at which the decomposition started was
about 700 °C, taking into account the quantitative distribution, it was be
observed that between 600 and 800 °C the percentage of sodalite
reduction (0.8 wt% for G-S2) was lower than that between 800 and
1000 °C (2.9 wt% for G-S2). It has been therefore also possible to deduce
a significant decrease in the volume of G-S2 between 800 and 1000 °C.
This contraction was also affected by the change in the composition of
the vitreous phase and its sodium enrichment. The noticeable lower
shrinkage was due to the different compositions of the crystalline pha-
ses, the crystallization of which may reduce the negative effects of the
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melting. The lower degree of degradation may also confirm the different
porosity of the composite after exposure to 1000 °C and, more precisely,
the less noticeable reduction of the cumulative pore volume of G-S1 and
G-S2 compared to G-FA.

In addition, after the compressive strength measurement, the
resulting material residues were polished to show differences in the
appearance of the cross-section (Fig. 15). It should be noted that the size
of the polished specimens did not reflect the actual size of the composite
due to the destructive nature of the strength test. The main observation,
as pointed in Figs. 11 and 14, the cross-sections showed the difference in
colour of the central part of the G-FA, while the core parts of the G-S1, G-
S2, and outer part of G-FA had a characteristic brown-orange colour.
This colour was due to the presence of iron oxide that underwent
oxidation to hematite. The inner part of G-FA in black and grey indicated
the lack of oxygen and the reduced conditions inside the material. As a
result of the melting, the collapsing pores and the connections between
them prevented air from entering the sample and caused thermal-
induced transformations in the oxygen-deficient environment. There-
fore, this observation confirmed that enrichment with sodalite had a
beneficial effect on the reduction of volumetric shrinkage, especially up
to the temperature of 800 °C.

4. Conclusions

The present study investigates enriching geopolymer matrix with
thermally- and alkaline- stable crystalline particles to improve its high-
temperature properties. This research leads to a better understanding of
the thermal behaviour of ex-situ synthesized zeolite in geopolymer
matrix, its influence on phase composition, porosity evolution and
volumetric changes. Based on the obtained results, the main conclusions
are drawn as follows:

e Sodalite addition influences the gel composition and thus the high
temperature stability. Between the reference material and the sample
with 5 % of sodalite addition, the temperature of the transition was
lowered from 718.3 to 694.1 °C. This phenomenon was affected by
the alkali ions which primarily defines the liquefaction point, namely
the melting point of potassium aluminosilicate glass is greater than
that of potassium-sodium mixed glass.

Appendix
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The sodalite-enriched paste differs under high-temperature condi-
tions on the formation of the crystalline stage. Noticeable formation
of stable thermal anorthoclase, wollastonite, and a small amount of
leucite is observed. These differences are more significant in speci-
mens with 5 wt% sodalite addition and are attributed to the slow
disintegration of sodalite at 800 °C and the greater decomposition
observed between 800 and 1000 °C.

e The mesoporous nature of the raw material rich in sodalite contrib-
utes to the increased content of mesopores of geopolymer paste
which reduces the deteriorating structural impact of water evapo-
ration that passes through the material during heating.

e The synthesized sodalite-enriched material plays the role of a skel-
eton that facilitates the transport of evaporable water and signifi-
cantly counteracts the harmful effects of volumetric deterioration by
up to 800 °C (e.g. from 6 wt% for non-modified to 1.5 wt% for
specimen enriched by 5 wt% of sodalite).

e The different strength evolution of geopolymer without and with

sodalite results from a different path of porosity evolution between

400 and 800 °C and different phase composition at high temperature.

The formation of new high-temperature stable crystalline from the

sodalite-enriched matrix, such as anorthoclase and wollastonite

which are embedded in the matrix at elevated temperature positively
influence the strength performance of cooled geopolymer after
temperature exposure.
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A. Qualitative and quantitative analysis of raw materials and pastes at ambient temperature (errors show in the brackets)

Phase Fly Ash Sodalite-rich product G-FA G-S1 G-S2
Amorphous 78.1 (0.66) 45.1(0.61) 82.2(0.43) 77.4 (0.60) 76.7 (0.50)
Mullite 11.3 (0.25) 10.8 (0.17) 9.0 (0.17) 9.7 (0.20) 9.0 (0.17)
Quartz 7.09 (0.16) 4.0 (0.08) 5.1 (0.10) 6.1 (0.12) 6.6 (0.14)
Hematite 1.4 (0.13) 1.1 (0.08) 1.0 (0.1) 1.3 (0.13) 1.3 (0.09)
Magnetite 0.6 (0.10) 0.2 (0.06) 0.7 (0.08) 0.5 (0.09) 0.2 (0.06)
Anatase 0.2 (0.05) 0.1 (0.03) 0.2 (0.04) 0.1 (0.04) 0.11 (0.03)
Periclase 0.2 (0.10) 0.5 (0.11) 0.3 (0.08) 0.7 (0.09) 0.5 (0.08)
Wollastonite 0.6 (0.46) 0.7 (0.28) 0.9 (0.32) 1.0 (0.44) 1.0 (0.33)
Pyrrhotite 0.3 (0.08) 0.4 (0.06) 0.2 (0.06)

Calcite 0.3 (0.09) 0.8 (0.11) 0.4 (0.08) 0.7 (0.09) 0.5 (0.07)
Sodalite group 36.3 (0.24) 2.6 (0.14) (0.15)

B. Qualitative and quantitative analysis of sample G-FA at elevated temperature

400°C 600°C 800°C 1000°C
Amorphous 80.1 (0.39) 78.3 (0.48) 77.6 (0.56) 80.4 (0.43)
Mullite 10.2 (0.17) 10.5 (0.19) 9.9 (0.22) 5.9 (0.20)
Quartz 5.7 (0.11) 6.7 (0.12) 7.3(0.13) 5.7 (0.11)
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(continued)
400°C 600°C 800°C 1000°C
Hematite 1.2 (0.11) 1.8 (0.11) 2.3(0.13) 2.6 (0.12)
Magnetite 0.8 (0.08) 0.3 (0.06) 0.4 (0.09) 0.2 (0.07)
Anatase 0.1 (0.03) 0.1 (0.03) 0.2 (0.05) 0.2 (0.05)
Periclase 0.3 (0.08) 0.3 (0.09) 0.3 (0.09)
Wollastonite 1.0 (0.23) 1.1 (0.35) 1.1 (0.4 1.1 (0.18)
Pyrrhotite 0.2 (0.07) 0.3 (0.07) 0.3 (0.08) 0.9 (0.09)
Calcite 0.4 (0.08) 0.6 (0.08) 0.3 (0.08) 0.2 (0.07)
Nepheline 0.4 (0.13) 0.7 (0.13)
Anorthoclase 2.1 (0.13)
C. Qualitative and quantitative analysis of sample G-S1 at elevated temperature
400°C 600°C 800°C 1000°C
Amorphous 79.2 (0.32) 74.6 (0.54) 74.0 (0.43) 72.5 (0.62)
Sodalite 2.0 (0.09) 2.3(0.11) 1.3 (0.09)
Mullite 9.0 (0.15) 10.7 (0.20) 9.3 (0.17) 6.9 (0.22)
Quartz 6.2 (0.08) 7.0 (0.12) 6.9 (0.1) 7.1 (0.13)
Hematite 1.3(0.12) 2.1(0.11) 2.7 (0.13) 3.6 (0.13)
Magnetite 0.6 (0.08) 0.1 (0.07) 0.5 (0.09) 0.6 (0.08)
Anatase 0.2 (0.04) 0.1 (0.04) 0.1 (0.04) 0.2 (0.06)
Calcite 0.6 (0.08) 0.5 (0.09) 0.5 (0.09) 0.1 (0.07)
Periclase 0.5 (0.09) 0.8(0.1) 0.6 (0.09) 0.6 (0.11)
Wollastonite 0.4 (0.24) 1.5 (0.40) 2.3(0.18) 2.3 (0.23)
Halite potassian 0.3 (0.03) 0.3 (0.03) 0.4 (0.04)
Anorthoclase 1.0 (0.12) 4.1 (0.19)
Nepheline 0.4 (0.13) 0.4 (0.16)
Leucite 1.1 (0.13)
D. Qualitative and quantitative analysis of sample G-S2 at elevated temperature
400°C 600°C 800°C 1000°C
Amorphous 75.4 (0.48) 74.0 (0.50) 71.3 (0.44) 70.3 (0.47)
Sodalite 3.8 (0.10) 3.7 (0.10) 2.9 (0.09)
Mullite 10.3 (0.19) 10.7 (0.19) 10.1 (0.18) 6.5 (0.19)
Quartz 6.4 (0.11) 6.8 (0.11) 6.8 (0.09) 7.2 (0.11)
Hematite 1.3 (0.12) 1.7 (0.12) 2.7 (0.13) 3.2(0.12)
Magnetite 0.5 (0.09) 0.5 (0.09) 0.6 (0.09) 0.6 (0.07)
Anatase 0.1 (0.03) 0.1 (0.03) 0.1 (0.04) 0.1 (0.05)
Calcite 0.5 (0.08) 0.5 (0.08) 0.5 (0.09) 0.2 (0.06)
Periclase 0.7 (0.10) 0.7 (0.09) 0.6 (0.09) 0.3 (0.07)
Wollastonite 1.0 (0.37) 1.1 (0.37) 2.8 (0.18) 2.8 (0.23)
Halite potassian 0.2 (0.03) 0.3 (0.04) 0.3 (0.04)
Anorthoclase 1.0 (0.13) 6.6 (0.14)
Nepheline 0.3 (0.13) 0.1 (0.07)
Leucite 1.8 (0.12)
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