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Abstract. This study examines the potential for reducing the consumption of natural clay raw materials while
simultaneously recycling various types of waste in the production of clay ceramic materials. Crushed ceramics, thermal
power plant slag, and cullet were used as technogenic components. The compositions were prepared using clay with
varying waste content (5-20% by weight relative to clay) and the addition of an alkaline additive, NaOH (10% of the clay
weight). After forming cylindrical samples, they were dried and fired at temperatures up to 1000 °C for 1 hour. The
chemical composition of the raw materials was studied using XRF/EDS, and the microstructure was studied using SEM.
Density, water absorption, linear shrinkage, and compressive strength were determined. The combined introduction of
waste has a synergistic effect on the sintering processes and structure formation. Glass cullet acts as a fluxing agent and
promotes compaction of the body, ceramic waste acts as an inert filler, reducing the risk of deformation, and slag
introduces reactive aluminosilicate components that influence phase formation. An optimal waste content range has been
demonstrated: moderate dosages improve performance without compromising processability. The best results were
obtained with a composition of 10% glass cullet, 10% ceramic waste, and 5% slag (at 10% NaOH): compressive strength
was 16 MPa, water absorption was approximately 7%, and density was approximately 1.32 g/cm3. The results confirm
the potential of integrated waste recycling for producing ceramic materials at lower firing temperatures.
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1. Introduction

The production of ceramic materials consumes a high proportion of natural clay resources,
leading to the depletion of non-renewable raw materials, increased production costs, and the industrial
waste accumulation. Despite the widespread use of industrial waste in ceramic production, issues
such as the instability of the chemical and mineralogical composition of the waste, insufficient
understanding of their combined effects in multicomponent systems, and the risk of deterioration in
the strength and process properties of ceramics during firing raise many questions [1].

In recent years, a number of studies have focused on the partial or complete replacement of
natural clay with man-made raw materials. The works [2], [3] have proven the possibility of using
various technogenic materials in the production of ceramic bricks as additives, and in some
compositions as the main raw material, partially or completely replacing non-renewable, exhaustible
resources of clay rocks. The large volume of ceramic brick production allows the utilization of
industrial waste in quantities and a wide range of their composition using traditional technology and
equipment [4], [5]. In addition, the creation of raw material compositions using technogenic materials
as additives is one of the ways to expand the scale of use of low-grade clay rocks, improve technical
properties, and reduce the cost of the resulting ceramic bricks [6].
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There is a slight increase in water absorption when the amount of brick powder in the batch
increases. It tracks the dynamics of decreasing values for the samples' compressive strength, average
density, thermal conductivity coefficient, and total shrinkage. [7] and [8] show that brick waste can
be used in the current technology of ceramic brick grades M125 and M150 with a brick powder
content of up to 30 weight percent in a two-component batch at a firing temperature of up to 950 °C.

More recent studies have considered alternative waste streams. For example, [9] explores the
use of a composite mixture of brick waste powder and ceramic powder as a substitute for clay in brick
production. The study shows that approximately 27% of the clay can be replaced with waste while
maintaining the same density, porosity, and water absorption capacity as bricks containing 100%
clay.

Waste from thermal power plants, particularly ash and slag, is also widely considered as raw
materials for ceramic materials. Several studies have shown that these wastes contribute to the
formation of a dense structure, a reduction in firing temperature, and an increase in strength properties
[10], [11]. For example, adding thermal power plant slag to the ceramic mass, the sintering
temperature affected the final materials' porosity. Because a compacted microstructure forms at
higher temperatures, porosity decreases. Porosity increased with increasing CaO and Al2Os3
concentration, porosity decreased with increasing MgO and Fe>Os content, while permittivity and
electrical conductivity increased. Firing at 1000-1200 °C yielded samples with a compressive
strength of 45-60 MPa. The authors note that fly ash-based ceramics have a dense microstructure and
low water absorption [10]. It dropped from sixteen percent to ten percent [11].

Another waste that we used in our work is glass waste, which has a high content of SiO-, NazO,
CaO0, and Al.Os. The addition of crushed glass to clay reduces sintering temperatures, improves phase
transformations during firing, and creates a denser microstructure. The authors looked at using
leftover glass in red ceramics to replace up to 20% of the sand. Samples were burned at 800, 900, and
1000 °C. Density, flexural strength, and porosity all increased with the addition of 20% glass,
reducing water absorption by 8-10% [12], [13].

Only a limited number of studies have addressed the combined use of wastes. In studies [14],
[15], ceramic materials were produced from ash, slag, and cullet without the use of clay, achieving a
strength of approximately 10 MPa at a firing temperature of approximately 1200 °C. As in our study,
chemical and mineralogical analysis of the waste was conducted: X-ray fluorescence (XRF), X-ray
diffraction (XRD), and scanning electron microscopy (SEM) to study the morphology and
composition. In our work, we used ceramic waste as a third waste material. But the compressive
strength results were similar: theirs was 10 MPa, ours was 9 MPa. The chemical composition of both
works showed the predominance of the elements aluminum (25.8%) and silicon (53.7%). The most
important difference between these works and ours is that we used clay as the main raw material,
while they used waste.

In studies [16], [17], binary waste systems (ceramic cullet and glass, or slag and ceramic scrap)
were considered; however, a comprehensive assessment of the synergistic effect of multicomponent
systems was lacking. As in our work, the technology consisted of the use of ceramic brick waste and
glass waste with the addition of clay; firing was carried out at 700-900 °C, and the difference is that
they didn't add slag. The granules exhibited low water absorption (<5%) and high resistance to cyclic
heating.

According to [17], to create ceramic tiles, they use steel slag and brick waste (ceramic scrap)
crushed to powder form. Our material's moderate CaO and MgO content, along with its higher SiO>
and Al20s content, ensures more stable sintering and prevents deformation during firing, according
to a comparison of our XRF and XRD analysis results with published data. Cullet causes an
amorphous glass phase to form, which densifies the structure, lowers porosity, and permits firing
temperatures to be lowered to 900-1050 °C without compromising strength. The fact that we use
cullet also provides advantages such as compaction of the structure, reduction of porosity, and allows
us to reduce the firing temperature to 900-1050 °C while maintaining strength.

Thus, a literature review reveals insufficient study of ceramic materials produced using
combined waste streams, particularly in systems where clay is retained as the primary raw material
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[12], [14], [15], [16], [17], [18], [19]. The mutual influence of ceramic cullet, thermal power plant
slag, and cullet on sintering processes, microstructure formation, and physical and mechanical
properties at low firing temperatures remains understudied.

Therefore, the research problem of this study is the lack of optimized ceramic body
compositions that would enable the simultaneous recycling of several types of industrial waste,
reduce firing temperatures, and maintain stable material performance characteristics.

This study aims to develop and study clay-based ceramic materials using the integrated use of
ceramic waste, thermal power plant slag, and glass cullet, as well as to evaluate their phase
composition, microstructure, and physical and mechanical properties. It is expected that the combined
use of various industrial wastes will achieve a synergistic effect, optimize chemical composition, and
improve the environmental and economic efficiency of ceramic product production.

2. Methods

All raw materials, including clay, ceramic cullet, and slag used in this study, were collected
from the SG Brick, LLP (Astana, Kazakhstan). Another waste material used was crushed bottle glass
obtained from post-consumer glass waste (Astana, Kazakhstan). Caustic soda (NaOH, 98%, China)
was used as an alkaline additive. Distilled water was used for the preparation of all mixtures.

The sensitivity of the clay to drying was determined using the Chizhsky method [20] in
laboratory conditions. Plates measuring 10x10x1 cm were formed and dried over a heating device at
a temperature of 200 °C. The Rutkovsky technique was used to estimate the granulometric
composition of clay [20].

The microstructure of the samples was analyzed using a scanning electron microscope (SEM).
To make the geopolymer surfaces electrically conductive, a thin layer of gold was applied. The
analysis was carried out using a JSM-1T200 scanning electron microscope (JEOL, Tokyo, Japan).
mA DI1-29010SCTR Smart Coater (JEOL, Tokyo, Japan) was used for gold coating of the samples.

The chemical composition (elemental and oxide) of the specimens was determined using X-
ray fluorescence spectroscopy (XRF). The research (Figure 1) was conducted with the EDX-7200
(SHIMADZU EUROPA GmbH, Duisburg, Germany); the PCEDX Navi software (Version: EDX-
7000P) was used.

Figure 1 — EDS analysis of the selected point of the clay material

First, all raw materials (clay, crushed glass, ceramic cullet, and slag) were dried to constant
mass and ground to the required particle size. The dry components were then mixed according to the
designed compositions.

Cylindrical specimens were prepared using clay as the main raw material with the addition of
glass waste, ceramic cullet, and slag. The content of each waste component varied individually and
in combination, ranging from 5%, 10%, and 20% by weight relative to the clay content. NaOH
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(caustic soda) was added to improve the strength of the compositions, 10% from the clay mass. NaOH
was dissolved in water and then introduced into the dry mixture.

The prepared mixtures were molded into cylindrical samples with initial dimensions of 5x10
cm. After drying, the dimensions of the samples decreased to approximately 4.8x9.8 cm. Photographs
of the dried samples are presented in Figure 2. The samples were dried in the drying machine SHS-
80-01 SPU of the NV-LAB (Almaty, Kazakhstan) at 100 °C for 12 hours. The dried samples were
fired in a laboratory muffle furnace SNOL 8.2 of the SNOL-TERM (Tver, Russia) at the selected
sintering temperatures up to 1000 °C with a holding time of 1 hour, followed by furnace cooling.

1\,
Figure 2 — Waste-based ceramic samples after dryi )
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Images of the fired samples after compressive strength testing are shown in Figure 3 to provide
visual documentation of the experimental procedure and sample integrity. The tests were carried out
on presses from the company "Controls™ (Italy).

Figure 3 — Ceramic material tested for compressive strength

Samples were also tested to determine density, water absorption, and linear shrinkage.
Water absorption was determined by weighing a dry and water-saturated sample. Bulk density was
calculated using the dry mass of the sample divided by its geometrical volume. Linear shrinkage was
calculated using the initial and final lengths of the samples before and after firing.
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3. Results and Discussion

The results of Chizhsky's method showed that the clay is less sensitive to drying. Table 1
shows the granulometric composition of clay by the Rutkovsky method.

Table 1 — Granulometric composition of clay by the Rutkovsky method
Content of fractions, % by weight
Sand particles of 1-0.05 mm Dusty particles of 0.05-0.005 mm Clay particles, less than 0.005 mm
33.75% 49.79% 16.46%

It was found that the majority of the material consists of silt particles 0.05-0.005 mm in size
(49.79%), indicating the predominance of the fine fraction. The content of sand particles larger than
0.05 mm is 33.75%, while the proportion of clay particles smaller than 0.005 mm is 16.46%.
According to literature, the predominance of the dust fraction promotes denser particle packing and
positively influences the formation of the ceramic body structure during firing, ensuring uniform
shrinkage and reducing internal stress [21]. The presence of the sand fraction acts as a leaning
component, reducing shrinkage deformations during drying and firing and decreasing the tendency
of the products to crack. This clay belongs to the sandy loam type, with a moderate content of sand
and dust particles and a relatively low proportion of clay fraction. This ensures satisfactory plasticity
during molding and a low tendency to crack during drying. At the same time, the clay content ensures
sufficient plasticity of the mass, necessary for molding ceramic products [22].

Air shrinkage was calculated using the findings of measuring the samples' size change upon
drying. Table 2 indicates the physical results after firing the clay.

Table 2 — Results after firing

Firing Average density, Linear fire Volumetric fire Linear total Volumetric total
temperature g/cm?® shrinkage, % shrinkage, % shrinkage, % shrinkage, %
950 1.73 0.30 0.48 3.65 8.65
960 1.75 0.47 1.80 4.1 8.89

According to Table 2, increasing the firing temperature from 950 °C to 960 °C results in an
increase in average density from 1.73 to 1.75 g/cmq. This indicates compaction of the ceramic body.
At higher temperatures, diffusion processes are enhanced, leading to denser particle packing and a
reduction in pore space. Linear shrinkage during firing increases from 0.30% to 0.47%, while
volumetric shrinkage increases from 0.48% to 1.80%. This indicates that volumetric shrinkage is
more sensitive to temperature changes. Linear total shrinkage increases from 3.65% to 4.1%, while
volumetric shrinkage increases from 8.65% to 8.89%. This suggests that increasing the firing
temperature to 960 °C enhances material compaction without causing excessive deformation [23].

Figure 4 shows the clay’s microstructure analysis report by scanning electron microscope.

a) Magnification 1000x b) Magnifiation 350x
Figure 4 — Micrograph of clay
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According to the image at 1000x magnification, particles measuring 20—30 pm in length have
a layered, laminar structure with distinct edges and fracture planes characteristic of layered minerals
such as kaolinite, montmorillonite, or illite. At 3500x magnification, particles measuring 0.2—1.5 pm
with a scaly relief indicate the presence of montmorillonite. It was noticed in [24] too.

The chemical composition of clay by element is shown in Table 3 (Figure 1).

Table 3 — Element-by-element composition of clay, %
0 Mg Na Al Si K Fe
45.26 0.95 2.26 16.3 26.21 4.97 4.05

Utilizing energy-dispersive X-ray spectroscopy (EDS), the elemental makeup of the clay
sample was ascertained. We were able to determine the primary oxides that make up the material's
structure. The spectrum contained the following elements: O, Si, Al, Fe, Mg, Na, and K. Oxygen (O)
ensures the stability of the crystal lattice and binds metals to form stable oxides. Silicon (Si) is
responsible for hardness, chemical resistance, and the formation of quartz and glassy phases.
Aluminum (Al) increases refractoriness and promotes the formation of mullite (3A1.03 2Si0>), which
provides high strength and fire resistance. Magnesium (Mg) improves heat and chemical resistance
and participates in the formation of high-temperature phases. Sodium (Na) and Potassium (K) act as
fluxing elements, accelerating the sintering process. They promote the formation of the glassy phase,
reduce porosity, and increase mechanical strength [8].

Table 4 displays the findings of the chemical composition of clay by oxides.

Table 4 — Oxide chemical composition of clay, %
Na,O MgO Al;O3 SiO2 K20 FeO
2.98 1.54 30.08 54.51 5.81 5.07

Good brick clay contains Al20s in the range of 20-30%, SiO: in the range of 50-60%, CaO in
the range of 1-5%, and Fe;Ozs in the range of 5-6% [25], [26]. SiO. determines plasticity, heat
resistance, and shrinkage during firing; Al2Os and MgO impart strength, fire resistance, and other
oxides reduce the melting temperature and improve sintering [27].

Figure 5 shows the chemical composition of slag obtained by XRF analysis.

Al203: 26,988 %
Ta205: 0,00 %
;Ba0: 0,25 %
/Zr02: 0,06 %

Y203:0,01 %
,Sr0: 0,14 %
/Rb20: 0,00 %
As203:0,00 %
Ga203:0,00 %
Zn0: 0,01 %
Cu0: 0,01 %
Ni0: 0,00 %
Fe203: 4,25 %
MnO: 0,09 %
Cr203: 0,00 %
V205:0,04 %
Ti02: 1,49 %
Ca0:1,99 %
K20: 1,35 %
Cl:0,328 %
S03:039 %
P205: 0,196 %

Figure 5 — Chemical composition of slag

Si02: 62,402 %

SiOzand Al20s make up the majority of these ashes, with trace quantities of Fe.O3, K20, SOs,
and CaO. Its chemical makeup is comparable to what other writers have described [28], [29]. The
high silica content is similar to that found in clays used for ceramic bricks, making the material
suitable for replacing part of the clay. Al,Os aids in the synthesis of mullite (3Al.03 2SiO). Both
oxides are responsible for the mechanical strength and heat resistance of ceramics. Fe;Os content of
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up to 6% ensures normal fusibility without the risk of overfiring [12]. The oxides CaO, MgO, K-0O,
TiO,, and SOs are present in small quantities (less than 2%). They primarily reduce the sintering
temperature and form a liquid phase.

Figure 6 shows the percentage of oxides in glass waste.

Al203: 2,215 %

Other: 1,1 %

Si02: 77,759 % Ba0: 0,03 %
Zr02: 0,04 %

,Sr0: 0,12 %

Rb20:0,00 %

' 2n0: 0,00 %

Fe203: 0,66 %

MnO: 0,02 %

Cr203: 0,01 %
V205: 0,00 %
Ti02: 0,05 %
Ca0:16,86 %
K20:0,92 %

Cl: 0,044 %
\— S03:0,23 %
Figure 6 — Chemical composition of glass waste

Silicon dioxide is the main component of glass waste [30]. A SiO2 content of 70-73% indicates
the amorphous nature of the glass, which is capable of forming a stable silicate structure. Calcium
oxide acts as a stabilizer for the glass structure. The total content of the remaining oxides does not
exceed 3%, so they do not significantly affect the chemical balance of the material. However, they
certainly contribute to the formation of a homogeneous microstructure [31].

Figure 7 demonstrates the chemical composition of ceramic broken brick waste.

Al203: 21,375 %
Ta205: 0,01 %
Ba0: 0,04 %
2r02: 0,04 %
Y203: 0,00 %
,Sr0: 0,03 %
4Rb20:0,01 %
As203: 0,00 %
Zn0: 0,01 %
1001 %
i0: 0,01 %
1951 %
10,06 %
10,02 %
1005 %
1098 %
11,84 %
1368 %

Cl: 0,050 %
S03: 0,66 %

Si02: 61,587 %

Figure 7 — Chemical composition of broken brick waste

According to X-ray fluorescence (XRF) data from a number of open-source studies [17],
ceramic waste is characterized by a predominance of SiO2, Al>O3, and Fe20s, with low contents of
Ca0O, MgO, and Na2O, which we also observe in our work. These oxides explain the appearance of
anorthite/diopside/gehlenite phases in the system during co-sintering with slag. Ceramic waste acts
as a structural filler and flux. Together with cullet and slag, it contributes to the compaction of the
microstructure. This combination of waste allows for the optimization of the chemical composition
of the ceramic material, improving its strength characteristics and reducing energy costs during firing.

10 % glass paint, 10 % ceramic paint, 5 % slag, and 10 % caustic soda were used in quantities
to establish the sample's maximum compressive strength of 16 MPa. Glass begins to soften and melt
at temperatures of 700-900 °C, filling the pores between clay particles and promoting sintering. This
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improves particle adhesion and reduces porosity, which directly increases compressive strength [24].
The total amount of waste was 25%, which is similar to the study where the waste was 25%-30% [8],

[9].

Ceramic cullet acts as an inert filler, reducing shrinkage during drying and firing [32]. Slag
promotes the formation of additional silicate and aluminosilicate phases [33].

The compressive strength of the material was 16 MPa. The water absorption of the samples
was 7%. A reduction in size of 0.2 cm corresponds to approximately 4% shrinkage in diameter and
2% in height. The density of the samples is approximately 1.32 g/cm?.

4. Conclusions

The present study showed that wastes such as glass, ceramic cullet, and thermal power plant
slag are effective at using them in ceramic production. Granulometric analysis of the clay revealed
that it is a moderately plastic clay with low drying sensitivity.

The stable functional roles of the components in the multicomponent system were established.
Glass cullet acts primarily as a fluxing component: during firing, it promotes the formation of a liquid
phase, intensifies sintering, and leads to microstructural compaction. Ceramic waste acts as an inert
filler, stabilizing the formation and behavior of the mass during firing by reducing its tendency to
excessive shrinkage and deformation.

It has been shown that such a system is characterized by an optimal waste content range:
moderate dosages provide a positive (synergistic) effect and improve operationally significant
characteristics, whereas excessive replacement of clay with waste can disrupt the sintering balance
and lead to the preservation of porosity, which limits strength and increases water absorption. This
confirms that the properties of multicomponent mixtures are not simply the sum of the effects of
individual additives and require targeted optimization of the composition.

Thus, the integrated use of glass cullet, ceramic waste, and slag in a clay base is a
technologically feasible approach for the simultaneous recycling of several types of industrial waste,
reducing the consumption of natural clay and potentially reducing firing energy consumption by
intensifying sintering processes. Promising areas for further research include assessing durability
(including frost resistance), the reproducibility of properties with varying waste composition, and the
environmental safety of materials (particularly in terms of leaching properties).
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