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INTRODUCTION

Aluminosilicate materials and binder 
systems

Aluminosilicate materials are widely used as 
raw materials in cement binders, ceramics, refrac-
tories, and alkali-activated systems. Their impor-
tance stems from the presence of reactive silica 
and alumina phases capable of forming strong 
binder structures after thermal or chemical activa-
tion. The fundamental principles of geopolymer 

formation from aluminosilicate materials were 
established in early studies [1], and subsequent 
studies emphasized the critical role of precursor 
composition and activation conditions in binder 
performance [2]. Geopolymer binders have been 
identified as promising sustainable alternatives to 
Portland cement [3], and their favorable mechani-
cal and thermal properties—resulting from the 
formation of stable aluminosilicate networks—
have been experimentally confirmed [4].

The properties of aluminosilicate binders de-
pend on the mineralogical composition, phase 
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structure, and reactivity of the clinker. Optimiza-
tion of the chemical composition and firing con-
ditions has been shown to significantly affect the 
development of strength and durability [5,6]. The 
use of modern microstructural analysis methods, 
including X-ray diffraction, scanning electron mi-
croscopy, and thermal analysis, has significantly 
improved our understanding of phase formation 
processes in cementite systems [7,8]. In this con-
text, the study of structural transformations in 
aluminosilicate materials remains an important 
and relevant scientific task.

Environmental challenges and sustainable 
binder development

High energy demands and significant carbon 
dioxide emissions associated with conventional 
cement production have increased interest in sus-
tainable binder technologies [9]. Recent studies 
have shown that geopolymer and alkali-activated 
aluminosilicate materials can reduce environmen-
tal impacts while maintaining satisfactory me-
chanical and durability properties [10,11]. At the 
same time, the incorporation of industrial waste 
and recycled mineral resources into binder systems 
promotes resource efficiency and waste reduction 
[12]. These results suggest that alkali-activated 
and geopolymer materials based on aluminosili-
cate raw materials represent a promising route to 
more sustainable building materials [13,14].

Utilization of ceramic waste and circular 
economy principles

The potential of fly ash as a reactive alumi-
nosilicate precursor has been demonstrated in 
previous studies, highlighting its suitability for 
the production of binders [15]. The positive ef-
fects of silica-containing additives on the physi-
comechanical properties of cementite systems 
have also been reported in a number of studies 
[16–23]. Subsequently, the feasibility of using in-
dustrial waste in geopolymer materials has been 
confirmed [24], and the suitability of different 
fly ash ashes as geopolymer precursors has been 
assessed through comparative analysis [25]. The 
production of heat-resistant binders from local 
raw materials has also been investigated [26], 
and further development of secondary mineral 
resources for the production of sodium silicates 
is presented in [27]. It has also been shown that 

calcium-containing additives can significantly 
improve the mechanical properties of fly ash-
based geopolymer systems [28].

Thermal treatment and phase evolution of 
aluminosilicate systems

Thermal activation of aluminosilicate materi-
als is accompanied by a series of physicochemi-
cal transformations. The thermal behavior and de-
composition kinetics of kaolinite have been stud-
ied in detail, showing that dehydroxylation plays 
a crucial role in the formation of reactive phases 
[29]. Further studies of metakaolin geopolymers 
showed that increasing temperature affects phase 
stability and structural development [30], and the 
formation of ceramic phases from heat-treated 
metakaolin-based geopolymers was subsequently 
confirmed [31,32]. Mechanical and thermal char-
acterization of silicate-activated aluminosilicate 
systems revealed the importance of heat treatment 
for the overall material performance [33]. The mi-
crostructural evolution occurring during geopoly-
merization was described using SEM and XRD 
analyses [34]. Thermal stability of geopolymer 
materials exposed to high temperatures has also 
been reported [35], and similar observations have 
been made on the effects of high temperatures on 
geopolymer pastes, mortars and concretes, in-
cluding studies of thermal damage mechanisms 
in geopolymer composites [36,37]. Furthermore, 
the curing temperature has been shown to signifi-
cantly influence the development of the structure 
of the hardened geopolymer [38].

Research gap and unresolved issues

The structural aspects of geopolymer gels 
have been studied in detail, providing valuable in-
formation on the arrangement of aluminosilicate 
networks [39]. The influence of composition on 
the characteristics and structure of alkali-activat-
ed metakaolin-slag systems has also been studied 
[40]. The influence of solid-to-liquid ratios and 
activators on the formation and properties of geo-
polymers has been studied in subsequent studies 
[41], and the potential of geopolymer foam con-
crete for sustainable construction has been dem-
onstrated [42].

The mechanical and microstructural charac-
teristics of geopolymer cements made from natu-
ral aluminosilicate materials have been reported 
in the literature [43]. Furthermore, approaches to 
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enhancing the reactivity of aluminosilicate pre-
cursors for geopolymer synthesis have been re-
viewed and systematized [44].

Novelty, objectives and ecological 
significance of the study

The properties of cementitious materials and 
the role of phase composition in binder formation 
were reported by Makarova et al. [45]. The com-
position and processing potential of Khojakul 
kaolin were investigated by Yaqubov et al. [46], 
while Matchanov et al. [47,48] studied methods 
for improving its quality. The formation of alkali-
activated materials from thermally treated min-
eral raw materials was demonstrated by Mintsaev 
et al. [49]. Despite these advances, the influence 
of firing temperature on the structural evolution 
of aluminosilicate clinker remains insufficiently 
understood. Therefore, this study investigates the 
effect of thermal treatment on the phase composi-
tion and microstructure of an optimal aluminosili-
cate clinker. Despite these achievements, limited 
attention has been paid to the structural evolution 
of aluminosilicate clinker during heat treatment 
and the relationship between firing temperature, 
phase formation, and microstructure develop-
ment. Therefore, further research is needed to 
clarify the influence of thermal activation on clin-
ker structure and properties.

MATERIALS AND METHODS

Raw materials and sample preparation

The raw materials used in this study included 
kaolin, limestone, ceramic waste, and liquid glass. 
Prior to sample preparation, kaolin, limestone, 
and ceramic waste were dried and ground using a 
laboratory ball mill. The obtained powders were 
sieved through a 0.6 mm sieve to ensure particle 
size uniformity.

Based on the compositions presented in Table 
1, the raw materials were thoroughly mixed and 
homogenized. Liquid glass was gradually added 
to the dry mixture until a uniform mass was ob-
tained. The prepared samples were dried at room 
temperature and subsequently subjected to ther-
mal treatment at 600 °C and 1000 °C. The hold-
ing time at the target temperature was 5 h. After 
cooling to room temperature, the clinker samples 
were used for physicochemical characterization.

The calcination temperatures of 600 °C and 
1000 °C were chosen based on thermal analysis 
results obtained from preliminary DTA/TG stud-
ies, which identified these temperatures as repre-
senting two distinct activation states: an interme-
diate, partially activated state at 600 °C and a fully 
developed crystalline phase assembly at 1000 °C. 
This approach is consistent with previous stud-
ies of thermally activated aluminosilicate systems 
[29,30], which have demonstrated that the most 
significant structural transformations occur below 
600 °C and above 900 °C, with the intermediate 
range serving primarily as a transition zone.

X-ray fluorescence analysis

The chemical composition of the raw materi-
als and clinker samples was determined by X-ray 
fluorescence spectroscopy (XRF) using a Rigaku 
X-ray fluorescence spectrometer. Measurements 
were carried out under both vacuum and atmo-
spheric conditions. The vacuum mode was used 
to improve the detection sensitivity of light ele-
ments (Si and Al), whereas heavy elements were 
analyzed under normal atmospheric conditions 
using an Rh-anode X-ray tube operated at 50 kV 
and 40 mA. The samples were prepared in the 
form of pressed pellets. 

Calibration was performed using certified 
standard reference materials (SRM, NIST). Data 
acquisition and processing were carried out us-
ing Spectra Plus and Shimadzu XRF Manager 
software packages. This method enabled accurate 
non-destructive determination of both major and 
trace elements over a wide concentration range.

Thermal analysis (DTA/TG)

Thermal analysis of the samples was per-
formed using a NETZSCH STA 449 F3 Jupiter 
thermal analyzer. Measurements were conduct-
ed in the temperature range of 25–1000 °C at a 
heating rate of 10 °C min⁻¹ under a nitrogen at-
mosphere with a flow rate of 50 mL min⁻¹. The 
sample mass used for each measurement was ap-
proximately 10 mg.

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy 
(FTIR) was employed to identify the functional 
groups and structural changes occurring in the 
clinker samples. Infrared spectra were recorded 
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using a Bruker Tensor 27 FTIR spectrometer in 
the wavenumber range of 4000–400 cm⁻¹ with a 
spectral resolution of 4 cm⁻¹. Measurements were 
performed using the ATR technique equipped 
with a diamond crystal. For each sample, 32 scans 
were collected at room temperature.

X-ray diffraction analysis

The phase composition of the clinker samples 
was investigated by X-ray diffraction (XRD) us-
ing a Rigaku diffractometer with Cu Kα radiation 
(λ = 1.5406 Å). Diffraction patterns were record-
ed in the 2θ range of 5–80° at room temperature. 
Phase identification was performed using the 
ICDD PDF database.

Scanning electron microscopy and energy-
dispersive spectroscopy

The microstructure and elemental compo-
sition of the clinker samples were investigated 
using scanning electron microscopy (SEM) cou-
pled with energy-dispersive X-ray spectroscopy 
(EDS). SEM observations were carried out using 
an Alpha-series scanning electron microscope op-
erating under high-vacuum conditions at an accel-
erating voltage of 20 kV and a working distance 
of 5–6 mm. EDS analysis was used to determine 
the elemental composition of selected regions of 
the samples.

Mechanical testing

The compressive strength of aluminosilicate 
binder specimens was determined using two 
specimen geometries: cubic specimens measur-
ing 100 × 100 × 100 mm and prismatic speci-
mens measuring 150 × 600 mm. Specimens were 
maintained at room temperature (20 ± 2 °C) un-
der ambient humidity conditions for 1, 7, 14, and 
28 days. Tests were conducted using a hydraulic 

press in accordance with EN 196-1. Each data 
point represents the average value of three paral-
lel specimens.

RESULTS AND DISCUSSIONS

Chemical composition of the raw mixtures

The optimal composition of the aluminosili-
cate clinker was determined by systematically 
varying the proportions of kaolin, limestone, ce-
ramic brick waste, and liquid glass. Four experi-
mental mixtures, designated ASB-1 through ASB-
4, were prepared and evaluated for their chemical 
and phase-forming properties. The compositions 
of all studied samples are summarized in Table 1.

The raw materials were selected to provide 
the necessary sources of silica (SiO2), alumina 
(Al2O3), and calcium oxide (CaO) required for 
clinker phase formation during high-temperature 
processing. Kaolin served as the main aluminosil-
icate component, providing both SiO2 and Al2O3 
as important network-forming oxides. Limestone 
served as the main calcium-containing compo-
nent, facilitating the formation of calcium silicate 
and aluminate mineral phases during firing. Ce-
ramic brick waste was included as an additional 
source of aluminosilicates, which simultane-
ously promotes resource efficiency and supports 
sustainable materials development principles 
through the recycling of production byproducts. 
Liquid glass (sodium silicate solution) was used 
as an alkaline activator and binding agent, facili-
tating the physicochemical interaction of the raw 
material components and enhancing the adhesion 
of the green bodies prior to heat treatment.

Systematic analysis of the experimental data 
showed that varying the component proportions 
significantly affects the phase composition and 
microstructural development of the resulting 
clinker. Among the four compositions studied, 

Table 1. Composition of the raw mixture for obtaining aluminosilicate clinker

Raw material name
Samples, wt.% (mass %)

АSВ-1 АSВ-2 АSВ-3 АSВ-4

Kaolin 35 37 39 40

Limestone 19 18 15 20

Ceramic waste 27 27 30 20

Liquid glass 19 18 16 20

Total, % 100 100 100 100
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sample ASB-3—containing 39 wt.% kaolin, 15 
wt.% limestone, 30 wt.% ceramic brick waste, 
and 16 wt.% liquid glass—demonstrated the most 
thermodynamically balanced ratio of alumino-
silicate to calcium-containing components. This 
compositional equilibrium is considered criti-
cal for facilitating the formation of well-defined 
crystalline phases during firing. Therefore, sam-
ple ASB-3 was selected as the reference optimal 
mixture for all subsequent thermal, mineralogi-
cal, and microstructural characterizations.

The selection of ASB-3 as the optimal compo-
sition was based on quantitative comparison of all 
four mixtures fired at 1000 °C Table 2. ASB-3 dem-
onstrated the highest 28-day compressive strength 
of 15.4 MPa, the lowest total mass loss of 8–12 
wt.% indicating more complete thermal activation, 
and the most well-defined crystalline phase assem-
blage consisting of wollastonite and akermanite.

Although ASB-4 showed relatively close me-
chanical performance (13.5 MPa), its XRD pat-
tern revealed a less mature phase composition 
with residual amorphous content. Compositions 
ASB-1 and ASB-2 exhibited notably higher mass 
losses and lower strength values, confirming in-
sufficient thermochemical equilibrium under the 
applied firing conditions. Therefore, ASB-3 was 

selected as the reference optimal mixture for all 
subsequent characterizations.

X-ray fluorescence analysis of 
aluminosilicate clinker fired at 600 °C

The elemental composition of the optimal alu-
minosilicate clinker sample fired at 600 °C was 
determined using X-ray fluorescence spectros-
copy (XRF) (Figure 1). The resulting spectrum 
revealed that the material is primarily composed 
of silicon, aluminum, and calcium, confirming 
the establishment of a well-defined aluminosili-
cate-based system. The chemical composition of 
the optimal aluminosilicate clinker sample fired 
at 600 °C was investigated by X-ray fluorescence 
(XRF) analysis (Figure 1). 

Silicon and aluminum were identified as the 
main constituent elements, with concentrations 
reaching approximately 55 wt.% and 30 wt.%, 
respectively. This compositional profile indicates 
the presence of a well-developed aluminosilicate 
framework and creates favorable thermochemical 
conditions for subsequent phase transformations 
during further heat treatment. The calculated Si/Al 
molar ratio of approximately 2.0–2.5 reflects suf-
ficient chemical reactivity of the precursor material 

Table 2. Comparative characteristics of aluminosilicate binder compositions fired at 1000 °C

Sample 28-day compressive 
strength (MPa) DTA/TG mass loss (wt.%) Main XRD phases (1000 °C)

ASB-1 11.2 14–17 Amorphous + quartz + residual carbonate
ASB-2 12.8 13–15 Amorphous + quartz + minor wollastonite
ASB-3 15.4 8–12 Wollastonite + Akermanite (well-defined)
ASB-4 13.5 12–14 Quartz + minor wollastonite + amorphous

Figure 1. X-ray fluorescence (XRF) analysis of clinker samples fired at 600 °C
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and is considered favorable for the formation of sta-
ble aluminosilicate phases at elevated temperatures.

Calcium was detected in moderate concentra-
tions (up to 12 wt%), indicating the active partici-
pation of limestone-derived components in clinker 
formation reactions. Trace amounts of iron and 
alkaline elements were also detected in the spec-
trum. These additional components are known 
to influence the formation of secondary mineral 
phases and promote the development of an amor-
phous glassy matrix in the clinker microstructure. 
Taken together, the XRF results confirm that the 
selected raw material composition provides the 
necessary chemical conditions for the formation 
of heat-resistant aluminosilicate clinker during 
subsequent high-temperature processing.

Thermal behavior of aluminosilicate clinker 
pre-calcined at 600 °C – DTA/TG analysis

The thermal behavior of an optimal alumi-
nosilicate clinker sample pre-calcined at 600 °C 
was studied by simultaneous differential thermal 
analysis and thermogravimetry (DTA/TG). The 
resulting thermogram is shown in Figure 2. Sev-
eral characteristic thermal phenomena have been 
identified, each of which reflects various phase 
and structural transformations occurring in the 
material during progressive heating.

In the low temperature range (up to about 150 
°C), a pronounced endothermic effect was re-
corded, accompanied by a maximum mass loss of 
about 0.5–1.0 wt.%. This thermal reaction is due 
to the elimination of physically adsorbed mois-
ture and residual pore water retained in the clin-
ker microstructure.

In the intermediate temperature range of 
about 150–350 °C, a relatively weak endother-
mic process was detected, corresponding to the 
removal of chemically bound water and the on-
set of dehydroxylation of the hydrated alumino-
silicate phases. The accompanying weight loss in 
this range was about 1–2 wt.%.

The most pronounced thermal effect was ob-
served in the 400–650 °C range, where a broad 
endothermic peak was recorded in the DTA curve. 
This feature is due to the progressive dehydroxyl-
ation of aluminosilicate clay minerals, accompa-
nied by the destruction of their ordered crystalline 
structure and a transition to a reactive amorphous 
metakaolin-like state. The cumulative mass loss 
associated with this transformation reached ap-
proximately 2–4 wt%.

In the temperature range of approximately 
650–750 °C, the TG curve showed a sharp mass 
decrease of approximately 4–6 wt%, which co-
incided with the pronounced endothermic effect 
in the DTA trace. This thermal phenomenon is 
interpreted as the decomposition of residual car-
bonate phases, indicating that decarbonization 
was not completed during the pre-calcination 
stage at 600 °C.

At temperatures above 750 °C, no significant 
mass loss was detected, but weak exothermic ef-
fects were detected in the DTA curve in the 800–
950 °C range. These thermal reactions are associ-
ated with structural rearrangement processes and 
the onset of crystallization of new mineral phases, 
including the formation of spinel-type compounds 
and low-temperature calcium silicate structures.

The total mass loss determined from EG data 
was approximately 8–12 wt.%, which corresponds 

Figure 2. DTA/TG curves of the aluminosilicate clinker fired at 600 °C
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to the temperature behavior characteristic of low-
temperature activated aluminosilicate precursors.

FTIR analysis and discussion of 
aluminosilicate clinker at 600 °C

The structural characteristics of the optimum 
aluminosilicate clinker sample fired at 600 °C 
were studied by Fourier transform infrared spec-
troscopy (FTIR), and the resulting spectrum is 
shown in Figure 3. The spectrum exhibits absorp-
tion bands characteristic of a partially amorphous 
aluminosilicate system, reflecting the incomplete 
nature of thermal activation at this firing tempera-
ture. The broad absorption band observed in the 
high-frequency region of approximately 3400–
3600 cm−1 is attributed to stretching vibrations of 
hydroxyl (O–H) groups associated with the pres-
ence of adsorbed water and residual structural hy-
droxyl species. The persistence of this band con-
firms that dehydroxylation of the aluminosilicate 
framework remained incomplete at 600 °C, which 
is consistent with the DTA/TG observations.

The band detected in the 1600–1650 cm−1 
region is due to the rocking vibrations of molecu-
larly adsorbed water, providing further evidence 
of the retention of bound moisture within the clin-
ker microstructure at this stage of heat treatment.

The most intense and spectrally broad ab-
sorption feature, observed in the 950–1100 cm−1 
range, corresponds to asymmetric stretching vi-
brations of the Si–O–Si and Si–O–Al bonds that 
make up the aluminosilicate network. The shift of 
the band maximum toward lower wavenumbers 
compared to crystalline quartz indicates the for-
mation of a disordered amorphous aluminosilicate 

phase with a metakaolin-like structural character, 
in which the long-range crystalline order of the 
precursor minerals is disrupted.

The absorption bands observed in the 700–
800 cm−1 range are attributed to symmetri-
cal stretching vibrations of Si–O, as well as to 
the possible contribution of residual crystalline 
quartz phases that were not fully transformed dur-
ing annealing at 600 °C. The bands observed in 
the 450–600 cm−1 range are due to deformation 
(bending) vibrations of the Si–O–Si and Al–O–Si 
bonds, characteristic of the condensed structure 
of the silicate framework.

Notably, weak absorption signatures detected 
in the 1400–1500 cm−1 region are attributed to 
vibrational modes of carbonate groups (CO3

2−), 
confirming the DTA/TG evidence of incomplete 
decarbonization of the limestone-derived compo-
nent at a firing temperature of 600 °C. The simul-
taneous identification of residual hydroxyl, mois-
ture, and carbonate signatures together indicates 
that 600 °C represents a thermally intermediate 
activation state, at which significant structural re-
organization has begun, but full phase maturation 
has not yet been achieved.

SEM analysis of aluminosilicate clinker 	
at 600 °C

The microstructural characteristics of an op-
timal aluminosilicate clinker sample fired at 600 
°C were studied using SEM, and the resulting mi-
crograph is shown in Figure 4.

The micrograph reveals a heterogeneous 
microstructure consisting of irregularly shaped 
particles with a relatively loose and porous 

Figure 3. FTIR spectrum of the aluminosilicate clinker sample fired at 600 °C
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spatial arrangement. Aggregation of small 
particles into agglomerates of varying sizes 
is observed, a morphological feature indicat-
ing an early stage of structural transformation 
of the solid occurring during heat treatment at 
this temperature. The particle surfaces appear 
distinctly rough and topographically heteroge-
neous, reflecting the coexistence of partially 
reacting and non-reacting phases in the clinker 
matrix, as well as the lack of complete sinter-
ing at 600 °C.

The observed microstructural characteris-
tics are consistent with ongoing dehydration 
and dehydroxylation processes, as revealed by 
DTA/TG and FTIR analysis, confirming that 
thermal activation at 600 °C causes significant 
physicochemical reorganization of the alumi-
nosilicate structure without achieving complete 
compaction. The next experiments were devoted 
to the comprehensive analysis of aluminosilicate 
clinker obtained by firing at 1000 °C.

XRF analysis of aluminosilicate clinker fired 
at 1000 °C

To gain a deeper understanding of the struc-
ture of the aluminosilicate clinker, XRF and 
XRD analyses were performed on the sample 
after thermal treatment at 1000 °C (Figures 
5, 6). X-ray fluorescence (XRF) analysis per-
formed using a Rigaku spectrometer showed 
that the aluminosilicate clinker fired at 1000 °C 

is characterized by a multicomponent chemical 
composition with a predominance of silicon, 
aluminum, and calcium.

The spectrum clearly exhibits intense Si-Kα 
and Al-Kα peaks, indicating the preservation of 
the aluminosilicate matrix as the main structure-
forming phase. Compared with the sample fired 
at 600°C, an increase in the relative intensity of 
Ca-Kα peaks is observed, indicating a more ac-
tive participation of calcium-containing phases in 
the clinker formation process.

The increased calcium content (up to ~25 
wt.%) compared with the low-temperature sam-
ple indicates the development of interaction pro-
cesses between SiO₂, Al₂O₃, and CaO, leading to 
the formation of calcium-containing silicate and 
aluminate phases. This suggests the initial forma-
tion of clinker minerals.

The decrease in relative aluminum content ac-
companied by an increase in calcium may be asso-
ciated with the redistribution of Al within calcium–
aluminosilicate phases (e.g., C2AS, C₃A-like struc-
tures). Iron (Fe2O3) is present in stable amounts 
(3–7 wt.%) and is likely incorporated into solid so-
lutions of alumina–ferrite phases, contributing to a 
reduction in the melting temperature of the system.

Alkali elements (K₂O, Na₂O) remain at levels 
up to ~5 wt.% and act as mineralizers, promot-
ing the formation of a liquid phase at elevated 
temperatures.

Figure 4. SEM image of the aluminosilicate clinker sample fired at 600 °C
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XRD analysis of aluminosilicate clinker fired 
at 1000 °C

X-ray diffraction analysis of a sample fired at 
1000 °C confirmed the formation of well-defined 
crystalline phases, indicating significant structur-
al rearrangement of the material (Figure 6).

The most intense diffraction peaks in the 2θ 
range ≈ 20–35° correspond to the aluminosilicate 
and calcium silicate phases. Quantitative phase 
analysis was performed using the WPPF meth-
od, ensuring reliable phase identification with 
compatibility parameters of Rwp = 5.72%, Rp = 
4.41%, and S = 1.197. 

Comparison of the experimental diffraction 
pattern with reference profiles from the ICDD 
PDF database revealed the presence of four crys-
talline phases. Peaks at 2θ ≈ 22.0–22.5°, 27.8–
28.2°, 30.0–30.5°, and 32.0–32.5° correspond to 
andesine (plagioclase aluminosilicate structure), 
which was identified as the dominant phase with a 
mass fraction of 55 wt%. This confirms the pres-
ervation and recrystallization of the aluminosili-
cate matrix during high-temperature annealing. 
Reflections at 2θ ≈ 20.8°, 26.6°, 36.5°, 50.1° and 
59.9° correspond to residual α-SiO2 (alpha silicon 
oxide) present at 4 wt.%, indicating that the minor 

Figure 5. Results of X-ray fluorescence (XRF) analysis of aluminosilicate clinker obtained by firing at 1000 °C

Figure 6. XRD pattern of the aluminosilicate binder fired at 1000 °C
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fraction of silica did not fully participate in solid-
state reactions under the applied firing conditions.

Peaks at 2θ ≈ 26.9–27.2°, 29.0–29.3°, 32.2–
32.5°, 39.5–40.0°, and 49.0–49.5° correspond to 
wollastonite 2M (CaSiO3), which constitutes 33 
wt.% of the phase composition. The formation 
of wollastonite confirms the solid interaction of 
CaO derived from limestone and SiO2 from alu-
minosilicate components at elevated temperature. 
Reflections at 2θ ≈ 31.0–31.5°, 32.5–33.0°, 35.5–
36.0°, 41.0–41.5°, and 60.0–61.0° correspond to 
akermanite (Ca2MgSi2O7), which is present at 8 
wt.%. The formation of akermanite confirms the 
participation of MgO in the phase formation and 
development of complex calcium-magnesium 
silicate structures at 1000 °C.

DTA/TG analysis of aluminosilicate clinker 
fired at 1000 °C

The thermal behavior of the optimal alumi-
nosilicate clinker sample fired at 1000 °C was 
characterized by simultaneous differential ther-
mal analysis and thermogravimetry (DTA/TG), 
and the resulting thermogram is shown in Figure 
7. Analysis of the DTA curve, combined with the 
residual mass profile, indicates the progressive 
formation of a thermally stable aluminosilicate 
structure in the studied temperature range.

In the temperature range of 150–300 °C, 
the DTA curve revealed a more pronounced en-
dothermic effect associated with the removal of 
chemically bound water, dehydration of hydrated 
intermediate compounds, and the onset of par-
tial decomposition of transition aluminosilicate 

phases. The TG trace showed a parallel gradual 
decrease in sample weight during this interval.

In the range of 300–550 °C, progressive re-
structuring of the clinker framework was evi-
denced by a gradual weakening of the thermal 
effect. This stage is interpreted as reflecting the 
decomposition of residual hydroxyl groups, com-
bustion of microorganism impurities, and the ini-
tial development of sintering phenomena in the 
aluminosilicate system.

In the temperature range of 550–700 °C, 
a relatively stable region was observed in the 
thermogram, indicating that the main dehydra-
tion processes were nearly complete and a more 
stable formation of the crystalline phase had be-
gun. Weak residual thermal effects detected in 
this range are associated with polymorphic phase 
transformations of aluminosilicate compounds.

At temperatures from 700 to 1000 °C, a grad-
ual evolution of the thermal signal was recorded 
without significant mass fluctuations, consistent 
with processes of structural compaction, progres-
sive sintering, and consolidation of the thermally 
stable aluminosilicate clinker framework. The 
insignificant mass loss observed at elevated tem-
peratures confirms the high degree of completion 
of the heat treatment reactions and demonstrates 
the physicochemical stability of the resulting 
clinker material.

Compared with the thermal behavior of the 
sample fired at 600 °C, the thermogram of the 
sample at 1000 °C shows a significant reduc-
tion in the overall mass loss and suppression of 
the endothermic effects associated with residual 
hydroxyl and carbonate species, which together 

Figure 7. Differential thermal analysis of aluminosilicate clinker at 1000 °C
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confirm that high-temperature firing promotes 
more complete phase maturation and structural 
consolidation of aluminosilicate clinker.

FTIR analysis of aluminosilicate clinker fired 
at 1000 °C

The infrared spectrum of the aluminosilicate 
clinker calcined at 1000 °C is characterized by 
the presence of intense absorption bands corre-
sponding to silicate and aluminosilicate structural 
groups, as well as products of high-temperature 
phase formation.

The most intense absorption band is observed 
in the range of 1011–993 cm⁻¹, which corre-
sponds to the asymmetric stretching vibrations 
of Si–O–Si and Si–O–Al bonds in the alumino-
silicate structure (Figure 8). The high intensity 
and broadened nature of this band indicate the 
predominance of a partially amorphized silicate 
matrix with elements of an ordered structure. The 
shift of the band maximum toward the region 
around 1000 cm⁻¹ indicates thermal restructuring 
of the aluminosilicate framework and the forma-
tion of calcium-containing silicate phases.

The absorption band in the range of 780–790 
cm⁻¹ is attributed to the symmetric vibrations of 
Si–O bonds in the quartz phase. The presence of 
this signal confirms the preservation of residual 
α-quartz, which is consistent with the results of 
X-ray diffraction analysis. The absorption band 
at 616 cm⁻¹ is associated with the deformation 
vibrations of Si–O–Al and Al–O bonds, charac-
teristic of aluminosilicate structures subjected to 
high-temperature activation.

The bands in the range of 560–570 cm⁻¹ may 
be attributed to vibrations of calcium silicate 
compounds, particularly wollastonite-like phases 
formed during the interaction of CaO and SiO₂ 
at 1000 °C. The low-frequency band at 472 cm⁻¹ 
corresponds to the bending vibrations of Si–O–Si 
bonds in the silicate framework and indicates the 
formation of a more ordered structure compared 
to samples calcined at lower temperatures.

The weak signal observed in the region of 
1981 cm⁻¹ may be associated with combination vi-
brations of silicate groups or residual surface car-
bonate compounds. It should be noted that there 
are no intense absorption bands in the regions of 
3400–3600 cm⁻¹ and 1600–1650 cm⁻¹, which are 
characteristic of hydroxyl groups and adsorbed 
water. This indicates the nearly complete removal 
of physically and chemically bound moisture dur-
ing the high-temperature calcination process.

SEM analysis of aluminosilicate clinker fired 
at 1000 °C

For a more detailed study of the microstructure 
of the aluminosilicate clinker sample, microscopic 
images of the sample were obtained (Figure 9).

The microstructure of the aluminosilicate 
clinker fired at 1000 °C was investigated using 
SEM combined with energy-dispersive X-ray 
spectroscopy (EDS). The obtained results indi-
cate significant structural transformations occur-
ring in the material during the high-temperature 
firing process.

The SEM image shows the formation 
of a dense, partially sintered structure with 

Figure 8. FTIR spectrum of the aluminosilicate clinker sample calcined at 1000 °C
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pronounced agglomerated regions. The presence 
of a heterogeneous surface with local densified 
zones is observed, indicating the development 
of solid-state interaction processes and the initial 
sintering of the aluminosilicate system. Certain 
areas are characterized by a relatively smooth 
surface, which may indicate the formation of a 
glassy phase.

The absence of a pronounced platy morphol-
ogy of the original clay minerals confirms a pro-
found thermal transformation of the structure at 
1000 °C. At the same time, microporous regions 
and local structural defects are observed, caused 
by dehydroxylation and the removal of volatile 
components during the firing process.

The EDS analysis results show that the main 
elements of the investigated sample are oxygen 
(O), silicon (Si), aluminum (Al), and calcium 
(Ca), which form the aluminosilicate matrix of 
the material. The elevated content of silicon and 
oxygen confirms the predominance of silicate 
phases, while the presence of aluminum indicates 
the preservation of the aluminosilicate structure.

The presence of calcium indicates the for-
mation of calcium silicate compounds, which is 

consistent with the XRD analysis data, where 
wollastonite-like phases were identified. In ad-
dition, Mg, Fe, K, and Na were detected in the 
spectrum in smaller amounts. Magnesium is like-
ly involved in the formation of complex calcium–
magnesium silicates (akermanite - structures), 
whereas iron and alkali elements are incorporated 
into impurity or glassy phases.

Structural changes induced by temperature 
increase

Comparison of the results obtained at 600 °C 
and 1000 °C demonstrates a significant influence 
of firing temperature on the structure of the alu-
minosilicate clinker. The sample treated at 600 
°C retained a predominantly amorphous charac-
ter, residual hydroxyl-containing groups, and a 
relatively porous microstructure. In contrast, fir-
ing at 1000 °C promoted the completion of de-
hydration and decarbonization processes, the for-
mation of crystalline phases such as wollastonite 
and akermanite, and the development of a denser 
microstructure. The combined XRD, FTIR, DTA/
TG, and SEM results indicate a progressive trans-
formation from a partially activated aluminosili-
cate system to a thermally stable clinker with en-
hanced structural ordering and phase maturity.

The compressive strength values presented in 
Table 3 were obtained for ASB-3 samples fired at 
1000 °C, as this firing temperature was identified 
as the most favorable for phase maturation and 
structural development.

Figure 9. SEM image of the aluminosilicate clinker sample fired at 1000 °C

Table 3. Compressive strength development of the 
optimal aluminosilicate binder (ASB-3) fired at 1000 °C

Curing age (days) Water/binder ratio Compressive 
strength, MPa

1 0.40 7.5
7 0.40 11.2

14 0.40 13.6

28 0.40 15.4



379

Journal of Ecological Engineering 2026, 27(10), 367–382

The compressive strength of the optimal alu-
minosilicate binder (ASB-3) increased gradually 
throughout the curing period. After 1 day of cur-
ing, the compressive strength reached 7.5 MPa. 
Further hydration and structural development re-
sulted in strength values of 11.2 MPa and 13.6 
MPa after 7 and 14 days, respectively. The high-
est strength value of 15.4 MPa was obtained after 
28 days of curing.

The observed increase in strength can be at-
tributed to the gradual formation of stable alumi-
nosilicate and calcium-containing phases within 
the binder matrix. XRD analysis confirmed the 
formation of wollastonite and akermanite phas-
es, while FTIR analysis revealed progressive 
structural ordering of the aluminosilicate frame-
work. SEM observations demonstrated a denser 
and more homogeneous microstructure, which 
contributed to the improvement of mechanical 
performance.

As shown in Figure 10, the compressive 
strength of the optimal aluminosilicate binder 
(ASB-3) increased steadily throughout the cur-
ing period. During the first day, the material de-
veloped an initial strength of 7.5 MPa, indicating 
the beginning of hydration and structural forma-
tion processes. A more pronounced increase was 
observed after 7 days, when the compressive 
strength reached 11.2 MPa.

Further curing resulted in continued strength 
development, reaching 13.6 MPa after 14 days 
and 15.4 MPa after 28 days. The gradual in-
crease in strength indicates the ongoing forma-
tion of binding phases and the densification of 

the aluminosilicate matrix. The obtained results 
are in good agreement with the physicochemical 
analyses. XRD results confirmed the formation of 
calcium-containing aluminosilicate phases, while 
FTIR analysis demonstrated progressive struc-
tural ordering of the aluminosilicate framework. 
SEM observations revealed a denser microstruc-
ture with reduced porosity, which contributed to 
the improvement of mechanical properties.

Therefore, the optimal aluminosilicate binder 
(ASB-3) exhibits satisfactory hardening behavior 
and demonstrates the potential for application as 
a sustainable binder material produced from local 
mineral and technogenic raw materials.

CONCLUSIONS

A comprehensive physicochemical study was 
conducted to determine the optimal composition 
of aluminosilicate clinker obtained from kaolin, 
limestone, ceramic brick waste, and liquid glass, 
heat-treated at 600 °C and 1000 °C. Based on a 
comprehensive analysis of XRF, DTA/TG, FTIR, 
XRD, and SEM/EDS data, the following key con-
clusions were reached.

The optimal clinker formulation, designat-
ed ASB-3, containing 39 wt.% kaolin, 15 wt.% 
limestone, 30 wt.% ceramic brick waste, and 16 
wt.% liquid glass, was determined through sys-
tematic composition optimization. This formula-
tion ensures a thermodynamically favorable bal-
ance of aluminosilicate and calcium-containing 

Figure 10. Development of compressive strength of the optimal aluminosilicate binder (ASB-3) during curing
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components, thereby creating the necessary chem-
ical conditions for the development of reactive 
mineral phases during high-temperature firing.

Heat treatment at 600 °C caused partial ac-
tivation of the aluminosilicate system. DTA/TG 
and FTIR analyses collectively revealed incom-
plete dehydration, dehydroxylation, and decar-
bonation, as evidenced by the retention of residual 
hydroxyl groups, adsorbed moisture, and carbon-
ate species (CO3

2-). SEM observations confirmed 
the formation of a heterogeneous, porous, and 
partially sintered microstructure characteristic of 
an intermediate state of thermal activation.

Increasing the firing temperature to 1000 °C fa-
cilitated extensive phase and structural transforma-
tions in the clinker system. X-ray diffraction analy-
sis confirmed the formation of well-defined crys-
talline phases, including wollastonite (CaSiO3) and 
akermanite (Ca2MgSi2O7), demonstrating advanced 
solid-state interactions between silica, alumina, and 
calcium components at elevated temperatures.

Integrated FTIR, DTA/TG, and SEM charac-
terization revealed that clinker fired at 1000 °C 
exhibits a significantly higher degree of structural 
ordering, significantly reduced porosity, improved 
microstructural densification, and superior ther-
mal stability compared to the sample fired at 600 
°C. Suppression of residual endothermic effects 
and insignificant mass loss at high temperatures 
further confirmed the nearly complete maturation 
of the aluminosilicate framework.

Among the thermal conditions studied, 1000 
°C was identified as the most favorable firing tem-
perature for producing thermally stable alumino-
silicate clinker, characterized by increased phase 
maturity, a well-developed crystalline structure, 
and excellent microstructural integrity.

The successful use of locally produced kaolin, 
limestone, and ceramic brick waste as the main 
raw material component demonstrates the feasi-
bility of developing resource-efficient and envi-
ronmentally sustainable aluminosilicate binders, 
which contributes to the reduction of industrial 
waste and the promotion of circular economy 
principles in the production of building materials.
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