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ARTICLE INFO ABSTRACT

Keywords: The paper studied the feasibility of reusing the bottom ash (BA) in clay bricks production. The
Botton? ash study has researched the influence of BA on clay bricks’ physical and mechanical properties, the
Recyd“ﬁ micro-and structure of samples, resistance to freezing and thawing porosity, average pore size and
z::li:t;:s pore size distribution. Clay bricks were made from BA from 10% to 40% and clay (with CaO less

than 1%), fired at 900 and 1000 °C. The open porosity of clay bricks developed when a BA was
added due to burning a small amount of organic part of clay, decarbonising calcite, and the
release of gaseous substances and crystalline moisture. The infrared spectra of clay brick samples
fired at 900 and 1000 °C showed the presence of Si-O, Si-O-Mg, and Si-O-Al bond. These results
are consistent with the XRD patterns. Clay bricks’ physical and mechanical properties changed
with the presence of BA: shrinkage, density and compressive strength decreased, water absorption
and open porosity increased. It is recommended to add 10% and 20% BA to the clay body and fire
at 900 °C, or 10-30% BA and fire at 1000 °C. In freezing and thawing resistance, clay bricks
containing BA10 and BA20 fired at 900 and 1000 °C can be utilized in moderately aggressive
environments. Samples containing BA30 and fired at 1000 °C can be used in passively aggressive
environments. Micropores predominate in clay bricks; however, with an increase in BA, micro-
pores turn into mesopores. The pore diameter of samples changes with BA and the firing tem-
perature. The specific surface area is directly proportional to the amount of added BA. The use of
bottom ash in the production of clay bricks will allow producing clay brick without deteriorating
its quality and reduce the consumption of natural resources by up to 30%.

Clay bricks

1. Introduction

Many countries use the waste incineration process to generate energy. Waste that cannot recycle is sent to a cogeneration power
plant (CPP) for incineration. In this case, the incineration process is considered an integral part of the waste management strategy. In
waste incineration, we obtain energy, thereby saving non-renewable natural resources and reducing the amount of waste disposed of at
the landfill. During the incineration process, the volume of waste is reduced by about 90%. But any technological process has
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advantages and disadvantages. One of these disadvantages is a significant amount of BA generated due to waste incineration.

As the non-recyclable part of the waste is incinerated, the volumes of BA increase, and there is a need to develop technologies for
the disposal of "new" materials [1,2].

The amount of waste generated in Lithuania is 1.34 million tons per year, of which about 203000 tons are currently incinerated at
Lithuanian CPP [3-5]. During the waste incineration process (to produce heat or energy), it generated about 11% of BA. After
extracting metals, the BA is taken to the landfill and used for dumping. Although, there is a real opportunity to use generated BA in the
construction industry. In some European countries such as France, Germany, and the Netherlands, BA is used to construct roads
production of clay bricks and tiles [6-8].

Waste Directive 2008/98/EC provides the prevention of waste and the use of waste as a resource. Attempts should be made to
recycle, reuse and dispose of waste [9]. The bottom ash is a mixture of slag, metals and other non-incineration materials. Its
composition strictly depends on the composition of the waste incinerated [10].

Incineration of waste at a CPP takes in a boiler at 920-990 °C [4]. The efficiency and type of boiler affect the combustion quality.
The organic part of the ash mainly consists of unincinerated cellulose and lignin obtained from plant materials contained in municipal
solid waste (MSW).

Sintering is a thermal process of converting fine loose particles into a solid, coherent mass by heat and/or pressure without fully
melting the particles [11]. This method is used in industry, especially in producing fired ceramic products and composite materials.
This type of heat treatment of materials has advantages for industrial waste. During the sintering process, the inorganic part of the ash
reacts with the minerals contained in the clays, and, as a result, new safety ceramic products are formed [12].

The solution to the problem associated with the accumulation of BA, an excellent solution is to use it as a substitute component in
ceramic production. In works [13-16], it is reported that the ash obtained after incineration of waste can be used to produce silicate
bricks, ceramic tiles, glass and glass ceramics.

In this work, the BA characteristics were studied, and mixtures of clay were prepared with various percentages of BA (10-40%) to
investigate the possibility of reusing BA in ceramic products. The physical and mechanical properties of clay bricks have been studied;
quantitative phase analysis of clay bricks fired at 900 °C and 1000 °C and determined the characteristics of the porous structure of
materials, particularly the average pore size and pore size distribution had been completed. FTIR spectroscopy has determined the
composition and structure of clay, bottom ash and clay bodies samples fired at a temperature of 900 and 1000 °C to study the in-
teractions of clay minerals with inorganic or organic compounds.
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Fig. 1. The schematic process generation of bottom ash.
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2. Materials and methods
2.1. Preparation of the test samples

The BA was obtained by incinerating refuse-derived fuel (RDF) at the cogeneration power plant. The waste incineration process
occurs at a temperature of 900-950 °C. As a result of the waste incineration process at CPP, electricity is produced at 30%, heat is 60%,
and by-products are generated at 10%. The schematic process generation of BA is presented in Fig. 1.

Currently, valuable metals are extracted from this by-product (BA), and the rest is sent to the landfill and used for dumping. After
incineration, the generating BA can be disposed of as a replacement component in building materials. The BA samples were obtained
from the Kaunas CPP (Lithuania). After four months of BA ageing in the atmosphere, the material samples for investigation had taken.

The clay used to form the samples was mined in the largest Andreevsky deposit in Ukraine, located near the city of Druzhkovka,
Donetsk region, Ukraine. Clay Technik-3 has a high dry or fired mechanical strength, white colour after firing, low organic matter
content, low water absorption, low drying sensitivity, wide sintering interval and stable quality. The clay humidity is 7%, and organic
matter content has a low value of up to 5% [17]. The clay and BA were used in this experimental study. The materials (Fig. 2) have been
dried at 105 £ 5 °C, crushed and sieved through a 0.63 mm sieve.

The samples were prepared from the clay and BA, previously dried to constant humidity. The components were mixed under dry
conditions; water was added to the mixture (8%). The index of plasticity of the moulding mass practically did not change with the
addition of ash residue (Table 1). The plasticity of the clay was determined by the standard Vasiliev cone method. The samples were
pressed in steel molds at a pressure of 120 kg/cm?. After pressed there were obtained small cube bricks 20 x 20 x 20 mm size. The
formed samples were dried in an oven (SNOL 58/350) until a constant weight was established (~24 h).

The dried samples were fired at 900 and 1000 °C for one-hour in the electric muffle furnace (SNOL 8.2/1100). The heating rate that
was used during firing samples presented in Fig. 3.

In the temperature range of 25-200 °C, the samples were slowly heated to 75 °C/hour. In this interval, interlayer and partially
adsorbed water were removed. In the temperature range of 200-400 °C, the temperature rise rate was 100 °C/hour. Upon reaching
400 °C, an exposure of 15 min was made to remove the evolved gases and equalize the temperature in the kiln space. The temperature
range of 400-600 °C is characterized by the hydration of clay minerals and the release of chemically bound water included in the
crystal lattice. The rate of temperature rise was 100 °C/hour, and upon reaching 600 °C, an exposure of 20 min was made. Upon
reaching 600-800 °C, the rate of temperature rise was 130 °C/hour. In the temperature range of 800-1000 °C, the sintering process
began. During sintering, diffusion transfer of matter occurs through chemical interaction of components and new minerals’ formation.
The rate of temperature rise in such firing was 75 °C/hour. The fired products were cooled down to the ambient temperature in the
kiln.

2.2. Test instrument

The BA and clay’s morphology and elemental analysis was investigated by applying scanning electron microscopy equipped with
an energy dispersive spectroscopy detector (SEM-EDS). The analysed samples were passed through sieves and then subjected to drying
at 40 °C. For SEM images the specimens (except powder) were cut into smaller sizes of about 5 x 5 x 5 mm and coated using gold (Au)
prior to the morphological observation. SEM, observation of samples was performed on ZEISS EVO MA10 microscope at an acceler-
ating voltage of 20 kV. Bruker AXSX Flash 6/10 Detector can display all the elements present in the specimen at overall accuracy of
about 1% and detection sensitivity down to 0.1% by weight.

The properties of bottom ash and clay were determined by the following standards:

— Loss on ignition: LST EN 15935:2012;
— Bulk density: LST EN 13041:2012;

Fig. 2. Bottom ash after incineration of MSW (a) and clay (b).
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Table 1
Composition of moulding compounds.
Raw materials Composition of moulding compounds, %wt
BAO BA10 BA20 BA30 BA40
Clay 100 90 80 70 60
Bottom ash 0 10 20 30 40
Moisture content (optimum) 8 8 8 8 8
Atterberg limits:
Liquid limit 38 39 40 41 42
Plastic limit 21 23 25 27 30
Plasticity index 17 16 15 14 12
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Fig. 3. The heating rate in the kiln.

— Dry solid content: LST EN 15934:2012, method A;
- pH: LST EN 15933:2012

The element analysis of BA and clay to determine metals was performed using an ICP-OES, Optima 8000 (Perkin Elmer). The
samples (0.4-0.5 g) were mineralized with 8 ml of concentrated nitric acid, 1 ml of hydrofluoric acid and 3 ml of hydrogen
peroxide at 800 W,6 MPa, pRate: 50 kPa-s_ ! (Multiwalve 3000). After the mineralization, the solution was poured into 50 ml flasks
and diluted to 50 ml using deionised water. For the data acquisition of the samples, a quantitative analysis mode was used. The
scanning of every single sample during element analysis was repeated three times to gather reasonably good results. Analysis was
made in four replicates of each sample.

Differential thermal analysis was done using Simultaneous Thermogravimetry and Differential Scanning Calorimetry (TG-DSC) —
High-Pressure ability (STA PT 1600 (TG-DSC).

Fourier Transform Infrared Spectroscopy (FTIR) clay, BA, and clay bodies samples fired at 900 and 1000 °C were carried out.
Infrared spectroscopy was conducted through the Fourier transform of adsorbent samples before and after adsorption. Samples
were analysed in ALPHA Platinum ATR-FTIR spectrophotometer in the 4000-400 cm™ region.

The physical and mechanical properties of the fired clay bricks were determined by the following standards:

— Density: LST EN 772-13:2003;

— Water sorption: LST EN 772-21:2011;

— The compressive strength: LST EN 772-1:20114;

— Freeze and thaw resistance: LST 1985:2006;

— The thermal conductivity. Hot-wire methods: LST EN 993-14:2001/P: 2006.

The drying and firing shrinkage of clay bodies were calculated according to the Eqs. 1 and 2.
Sarying = [(So — S1)/So] - 100% 1)

Shiring = [(So — S2)/S0] - 100% @)

where Sy — distance between two reference marks in a wet sample, mm; S; distance between two reference marks in a dried sample at
105 °C, mm; S, — distance between two reference marks in a fired specimen at 900 and 1000 °C, mm.

X-ray diffraction analysis (XRD) of BA, clay and clay bricks were carried out on BRUKER D8 ADVANCE diffractometer with CuKo
radiation at 40 kV in 20 (3°+70°) interval at scanning step 0.02°. The obtained X-ray patterns were deciphered using the Diffract Eva
program. Rietveld quantitative phase analysis was adopted for the quantitative phase analysis of clay bricks. The measurement
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uncertainty was about + 1 wt%.

Pore size distribution was obtained by the nitrogen adsorption method using the Quenched solid density functional theory
(QSDFT), which considers the roughness and heterogeneity of the pore wall surfaces. Some researchers [18,19] use the BJH (Barret,
Joyner and Halenda) and the method Mercury Intrusion Porosimetry (MIP) to describe the pore-size distribution, assuming cylindrical
pore geometry in the clay materials. According to [20], clays are typical natural nanomaterials with a high sorption capacity. Colloidal
forms of sulphides, silica and other compounds take an active part in the sorption of metals. It was decided to use the QSDFT method to
consider the pore walls’ heterogeneity and reliably characterize mesoporous in the range from 2 to 35 nm. The QSDFT method [21]
makes it possible to analyse a broader range of pores.

Two-sided confidence levels with 95% mean values (water sorption, total open porosity, density, linear shrinkage and compressive
strength) were calculated, assuming that water sorption, porosity, density, shrinkage and compressive strength usually are fixed
random values. The Student’s t-distribution was used to calculate the confidence lev-
els.(M—td, (1 -a/2)-S/n%%) <u < (M+td, (1 —a/2)-S/n%%) of the means measurements, where M is estimates of the mean, S are
standard deviation of random variables; n = 6 is the sample size, td, (1 —a/2) ~ 2.6 is (1 —a/2) = 0.97 quantile of the Student’s t-
distribution, @ = 0.05 is a level of significance and degree of freedom d= 5.

3. Results and discussion

The experimental tests by SEM-EDS analysis of clay showed that SiO, content is 66.65%, Al;O3 +TiOy content is 27.64%, CaO
content is 0.2%, and the Fe;O3 content is 1.51%.

The experimental tests for analyzing the chemical composition of BA showed that SiO; content in the BA is 35.53%, Al;O3 +TiO;
content is 10.3%, and the Fe;O3 content is 8.83%. The particle size distribution BA and clay showed in Table 2.

The analysis microstructure of clay and BA is presented in Fig. 4. Clay particles had a shape of 1.5-10 ym and were distributed
almost evenly. Clay minerals belong to the layered and stratified-strip silicates of aluminium, iron and magnesium. Clay particles are
predominantly lamellar, but there are also elongated plates and stripes and tubular and fibrous particles. The morphology and size of
particles are associated with the features of their crystal structure. The BA particles were dark grey and had a lamellar and crystal
shape. The bottom ash size range from 1 pm to 10 pm.

The main source of clays are feldspars, the destruction of which, under the influence of atmospheric agents, forms silicates of the
group of clay minerals. The composition of feldspars is determined by the ratio of the components of the ternary system NaAlSi3Og-
KAISi30g-CaAl,SiaOs. There are two series of minerals: alkali-isomorphic mixtures KAlSi3Og and NaAlSi3Og; plagioclase-isomorphic
mixtures NaAlSi3Og and CaAl,SioOg. At high temperatures, there are continuous series of solid solutions within each series (Fig. 5).

Among plagioclases, there are distinguished (CaAl,SioOg content in mole %) is indicated in brackets: albite (0—10), oligoclase
(10—30), andesine (30—50), labradorite (50—70), bytownite (70—90) and anorthite (90—100). Alkaline feldspars are distinguished
(NaAlSi3Og content in mole %) is indicated in parentheses: sanidine (0—63), orthoclase (0), microcline (0), which are polymorphic
modifications KAISi3Og and anorthoclase (63—90). At low temperatures, solid solutions of alkali feldspars decompose into sodium and
potassium phases, and in the NaAlSi3Og-CaAl5SioOg system, plagioclases of a complex domain structure are obtained with a NaAlSizOg
content of 2-16, 48-58 and 70-90 mol%.

The prevailing minerals in the clay detected by XRD analysis (Fig. 6) are quartz (28.99%), muscovite, titanium oxide (1.45%),
kaolinite (3.86%), illite (9.09%), microcline (30.02%) and albite (3.62%) and correspond to the data [23].

The research found that BA content has an inorganic component, and the humidity was 6%. The incineration process of waste
transforms organic materials in CO, and HpO but yields inorganic residues from ferrous non-ferrous metals to silicates. X-ray
diffraction analysis (Fig. 7) and FTIR spectra (Fig. 9) of BA evidence the presence of inorganic components.

Table 3 presents the results of element quantitative analysis and other properties bottom ash and clay.

According to the analysis results, the chemical elements found in clay and BA does not pose a severe threat to the environment since
they do not contain heavy metals in their composition. Thus, according to data [24] and obtained by us, the bottom ash is classified as
non-hazardous waste and can be used as an additive in ceramic production.

Fig. 8 shows DTA and TGA curves for clay and bottom ash. The DTA curve for clay has three endothermic peaks. The first one peak
at 95 °C, the second one at 505 °C and the third one at 569 °C. The first peak TGA curve shows a weight loss of 1.45% at 120 °C, a
1.38% weight loss between 120 and 405 °C. The second and third peak TGA curve shows a weight loss of 3.12% between 410 and
592 °C. The total mass loss consisted of 7.84%. The endothermic peak and weight loss in the temperature range of 100-200 °C are due
to the heating of products and the removal of interlayer and partially adsorbed water. In the temperature range of 200-300 °C, the

Table 2
Chemical and granulometric composition of the clay and BA.
Raw materials Chemical composition, %
Clay SiOy Al,03 K20 TiOy Fe,03 MgO NayO CaO SO3 P,0s5 other Total
66.65 25.72 2.8 1.92 1.51 0.66 0.53 0.2 — — 0.21 100
Bottom ash 35.53 8.68 0.67 1.62 8.83 3.71 5.48 30.46 2.62 1.26 1.08 100
Granulometric composition, %
> 0.5 mm 0.5-0.063 mm 0.063-0.01 mm > 0.01 mm
Clay 0.2 1.8 22.4 75.6
Bottom ash 0.18 2.5 75.8 21.5
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Fig. 4. Microstructure clay (a) and BA (b).
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Fig. 5. Ternary phase diagram of the feldspars [22].

removal of bound water is completed, and some of the organic substances are burned. Distinct endothermic peaks and weight loss in
the temperature range of 505 and 569 °C are due to the dehydration of clay minerals and the release of chemically bound water
included in their crystal lattice [25].

The situation is similar for DTA and TGA curves for bottom ash. The DTA curve for bottom ash has two endothermic peaks at 100 °C
and 781 °C. The first peak TGA curve shows a weight loss of 1.55% at 100 °C, a 3.33% loss between 110 and 620 °C. The second peak
TGA curve shows a weight loss of 3.47% between 669 and 750 °C and a 15% loss between 620 °C and 760 °C. The total mass loss was
9.39%. The endothermic peak and weight loss in the temperature range of 100-200 °C are due to the removal of residual moisture. In
the temperature range of 300-500 °C, there was a burnout of organic inclusions and the removal of "crystallization" water. Distinct
endothermic peak and weight loss at 790 °C are due to the decomposition of carbonates, accompanied by the release of carbon dioxide
[26]. With the release of gaseous components released during the decomposition of carbonates, cracks can appear on the surface of the
matrix and weaken the interaction of particles.

Fig. 9 shows FTIR spectra obtained for clay and BA. Bands of clay at about 3700 and 3400 cm™ ! are characteristic —OH stretching
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Fig. 6. The clay XRD analysis: 1 — muscovite, 2 — quartz, 3 — kaolinite, 4 — titanium oxide, 5 — microcline, 6 - illite, 7 — albite.
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— iron oxide; 10 — perovskite.

regions; these two bands are assigned to the —OH stretching vibration of the structural hydroxyl groups in the clay and the water
molecules present in the interlayer, respectively [27] group vibration elongation. The small absorption band for clay and BA at
1630 cm™ ! are due to adsorbed water presence in clay [25].

The characteristic strong peaks at 876 cm ™ ! and 1430 cm ™ ! correspond to the C-O bonding of CaCOs, which corroborated the
presence of CaCOs in bottom ash. The band attributed to Si-O occurs in the 1035 cm ! region, while 920 cm™ ! suggests Al-OH-Al [25]
deformation vibration. Quartz peaks with different Si-O and Si-O-Al vibrations were detected close to 790 and 690 cm ™}, and bands
close to 530 and 460 cm ™ * indicate the typical elongation of the Si-O-Al bond [26].

After firing ceramic specimens at 900 and 1000 °C without adding BA and with adding it, defects such as swelling and cracking

1
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Table 3
Element quantitative analysis and other properties bottom ash and clay.
Species Results
Bottom ash Standard deviation, % Clay Standard deviation, % Unit of measurement
Silicium (Si) 181625.6 +16.7 337729 +15 mg/kg
Calcium (Ca) 168099.8 +12.7 40.7 +24.4 mg/kg
Ferrum (Fe) 51532.6 +9.3 2960.6 +14.8 mg/kg
Aluminmum (Al) 33396.4 + 4.9 17066.9 +12.5 mg/kg
Natrium (Na) 26178.5 +6.6 1774.2 +14.6 mg/kg
Magnesium (Mg) 15250.4 +22.9 333.6 +18.4 mg/kg
Kalium (K) 11128.2 + 9.4 9903.9 + 6.4 mg/kg
Titanium (Ti) 6428.1 +16.2 7447.3 +11.8 mg/kg
Sulfur (S) 4487.2 +6.9 <18 mg/kg
Zincum (Zn) 3762.8 +26.1 2.0 +11.3 mg/kg
Cuprum (Cu) 3498.7 +19.1 28.7 +12.3 mg/kg
Phosphorus (P) 2400.1 +14.6 <35 mg/kg
Chromium (Cr) 743.6 + 10 74.6 +14.4 mg/kg
Manganum (Mn) 668.8 +11.9 38.4 +16.5 mg/kg
Dry solid content 977 +13 946 +12 g/kg
Bulk density 1101 +20 1400 + 22 kg/m®
pH 8.5 +0.2 7.5 +0.5 pH value
Loss on ignition 7.75 + 0.5 5.4 +0.5 %
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Fig. 8. DTA and TGA curves of bottom ash (a) and clay (b).
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Fig. 9. FTIR spectra for clay (a) and bottom ash (b).

were not observed. A colour change was observed in the finished fired samples. Colour saturation increased with increasing BA
addition. In some samples with the BA40 and firing at 1000 °C, small dark-grey coring appeared in the form of a dot. It is known that
during firing, at a temperature of 800-1000 °C, calcium CaCO3 and magnesium carbonates MgCOs actively interact with decompo-
sition products of clay minerals — amorphous silica SiO; and alumina Al;O3. These reactions proceed with the release of carbon
dioxide CO5. Some colouring oxides — manganese MnOs,, copper CuO, iron Fe;O3, decompose during firing, releasing oxygen O,. Most
likely, such chemical transformations could provoke the appearance of such a defect. In the ceramic mixture, when heated, chemical
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and physicochemical processes proceed sequentially, leading to a complete and irreversible change in its structure: removal of
chemically bound water; decomposition of dehydrated clay into oxides Al,O3 and SiOy; formation of new water-resistant and re-
fractory minerals; formation of a certain amount of melt from low-melting clay.

The formation of a durable product occurs due to the adhesion of solid particles of clay and BA by the resulting melt. In this case,
due to the forces of surface tension of this melt, a decrease in the volume of the material occurs, called fire shrinkage. Shrinkage during
drying of clay masses without adding ash residue reached 5.15%; the shrinkage during firing at 900 °C was 6.25%, and at 1000 °C, the
shrinkage reached 7.14%. The shrinkage of the ceramic products during firing depends on the amount of BA added. Depending on the
moulding composition, the shrinkage during firing at 900 °C varies from 5.93% to 5.03% and from 6.69% to 5.55% at 1000 °C
(Fig. 10).

Shrinkage occurs due to a decrease in the thickness of the water shells around the clay particles, forming a framework of ash residue
minerals and the convergence of particles under the action of capillary pressure forces. This frame prevents the clay particles from
coming together during drying. Fire shrinkage during firing occurs as a result of the general effect of all physicochemical processes
occurring in the ceramic mass during firing — dehydration of minerals, material transfer due to diffusion, recrystallization and the
formation of new minerals, as well as due to the convergence of particles under the action of surface tension forces of liquid phases
during sintering. For the samples under consideration, fire shrinkage is relatively small. This occurs due to the formation of new
minerals or the recrystallization of the former.

The density of the fired clay samples without the addition of BA varied with the firing temperature. The density of the samples
during firing at 900 °C was 1.99 g/cm® and at 1000 °C — 2 g/cm®, respectively. With the addition of 10% BA, the density of the
samples decreased and amounted to 1.93 and 1.99 g/cm® at the same temperatures. An increase in the additive content in the ceramic
mass led to a decrease in the density of the samples. Therefore, with the addition of 40% BA, the density was 1.85 and 1.88 g/cm® at
temperatures of 900 °C and 1000 °C, respectively (Table 4). The compressive strength of clay samples depends on BA content and the
firing temperature. With an increase in the BA content decrease in the density of the samples and the compressive strength.

The clay samples with a BA30 and fired at 1000 °C had a sufficiently high compressive strength of 14.5 MPa and can be used to
construct buildings and structures. While ceramic samples with the same percentage of BA, fired at a temperature of 900 °C, had a
compressive strength of 10.6 MPa. The compressive strength decreases due to the combustion of adhesive additives, dehydration of
clay minerals, and chemical transformations inside the sintered ceramic mass. The main chemical transformation is calcite decar-
burization. According to [28,29], the compressive strength of a brick prepared under laboratory conditions for testing should not be
lower than 20 MPa. The European Union standard does not specify minimum values for compressive strength. Accordingly, each
manufacturer must declare compressive strength clay bricks, and according to this data, designers must consider these values when
designing structures. However, it is known that the compressive strength of clay bricks must be at least 10 MPa.

Water sorption and open porosity depend on the size, number and distribution of pores in the clay brick and are important for
ceramic products. There was a significant difference in water sorption and open porosity values for clay bricks fired at 900 and
1000 °C. The lowest values for water sorption and open porosity had samples fired at 1000 °C without adding BA. These clay brick
samples had a water sorption value of 11.4% and an open porosity of 24.1%. With 10% BA, water sorption and open porosity increased
to 11.7% and 25%, respectively. With the subsequent addition of 20%, 30% and 40% BA, clay brick samples’ water sorption and open
porosity increased. Clay samples fired at 900 °C had water absorption and open porosity values higher than samples fired at 1000 °C.

Requirements for water absorption in clay brick samples are not specified by the European Standard LST EN
771-1:2011 +A1:2015. Based on this, manufacturers must indicate the water absorption values for their products in accordance with
the standard LST EN 772-21:2011. Permissible water absorption for clay bricks must consist of 12-20%. If the water absorption value
is below 12%, it may lead to improper bonding between mortar and bricks.

The physical and mechanical properties presented above are interconnected with the microstructure formed in the samples. It is
known that the microstructure, properties and clay bricks depend on the pores, their distribution and interaction with water. The firing
process at higher temperatures increases the crystallization process, resulting in intensive sintering of clay minerals, an increase in the
volume of the liquid phase, a glass phase increase, a decrease in porosity and closing of the open pores of the samples. Phase and
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Fig. 10. Linear shrinkage of clay brick specimens.
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Table 4
Properties of clay bricks samples.
Properties Ceramic samples
Firing temperature 200°C
1000°C
BAO BA10 BA20 BA30 BA40
Water sorption, % 139+1.1 14+15 142+13 147+18 16.3+2.0
114+14 11.7+1.7 121+15 13.1+20 15+24
Total open porosity, % 244+18 27.3+£22 284+1.9 28.9+22
241+21 25+1.6 25.7+2.0 26+19
Density, g/Cm3 1.99 +0.003 1.93 £+ 0.002 1.92 £+ 0.002 1.90 £+ 0.003 1.85+0.004
2+ 0.002 1.99 +0.002 1.97 +0.004 1.92 +0.002 1.88 +0.003
Compressive strength, MPa 21.2+09 . 127 £1.2 . 63£15
26.2+1.21 17+1.4 99+14
Thermal conductivity, W/m-K 1.1/1.02 0.75/0.69 0.61/0.57 0.56/0.53 0.53/0.49

structural changes in clay samples with the addition of BA lead to a decrease in density, compressive strength, an increase in water
absorption and total open porosity [30]. Clay samples with high additive BA have a more significant number of open pores and
capillaries formed due to high-temperature transformations of the minerals contained in BA and decarbonisation of calcium carbonate.
The resulting pores affect the physical and mechanical properties of clay samples.

There is a little difference between the morphology and appearance of the surfaces of clay bricks BAO and with BA10. The
microstructure of samples is dense with a predominance of a small number of pores. The pores are small and relatively evenly
distributed throughout the sample. The microstructure of clay brick sample BA20 has different: the surface is less uniform with a
predominance of pores of various sizes. The pores develop due to the intensive removal of CO; during the firing and decomposition of
calcium carbonate. The fact that the amount of carbon in the samples increases is evidenced by the SEM-EDS analysis of the samples.
The thermo chemical transformations of clay minerals and BA occur, as evidenced by the data presented in Fig. 11. These data show
that some elements decrease with the addition of ash residue, for example, oxygen, silicon, aluminium, potassium, and some increase.

The microstructure of samples BA30 is different: bigger pores of various shapes predominate, formed due to intensive removal of
crystal water and removal of gas components (CO3, O3) during the interaction of CaCO3 and MgCOs3 the decomposition of colourful
oxides (Fe20s3). An increase in the content of calcium, magnesium and iron is evidenced by the analysis data.

Frost resistance is an essential step of study that must be carried out without fail [31]. Formed and fired samples of ceramic bricks
were subjected to freeze and thaw resistance testing and visual evaluation. The reference sample and samples with BA10-30, fired at
900 °C, completed 25 freezing and defrosting cycles (the cycle consists of one freezing phase at —18 °C and one thawing phase at
+18 °C). The samples BA40 and fired at 900 °C completed 23 freezing and defrosting cycles. All samples (control and with the BA)
fired at 1000 °C completed 25 freezing and defrosting cycles. Based on LST EN 771-1:2011 +A1:2015, these products can be operated
in passive and moderate aggressive environments.

The thermal conductivity analysis was performed on clay brick patterns mixed with BA of 0, 10, 20%, 30% and 40% by weight and
fired at 900 and 1000 °C. The relationship between thermal conductivity and porosity of clay bricks with the addition of BA can see in
Table 4. An increase in the percentage of BA likely causes an increase in the porosity of the samples. The results show that a higher
percentage of BA addition causes low thermal conductivity in the samples. This is a result of the increase in air volume produced by the
interaction of clay minerals with BA, which leads to the formation of pores within the samples, making them poor heat conductors and,
as a result, good insulators. The results show that thermal conductivity decreases with decreasing density and increasing porosity of
fired clay bricks. As a result, the thermal conductivity values directly depend on the porosity. The thermal conductivity values for
samples without the addition of BA and with the addition of it were in the range of 0.49-1.1 W/m-K. Based on the ASTM D 78896
standard, it can be argued that the addition of bottom ash during the production of bricks does not impair the technical properties of
the fired samples.

The infrared spectra of the clay bodies with BA from 0% to 40% and fired at 900 and 1000 °C are presented in Fig. 12. The clay
samples fired at 900 °C characterized the following bands. The characteristics band of 1150 cm™ ! correspond to the stretching vi-
bration modes of SO4 tetrahedron.

The other bands at 1033, 1037 cm ! are those of Si—O bonds. The presence of a doublet at 792 and 778 cm ! (for 1000 °C) and
798 and 774 cm” ! (for 900 °C) are attributed to the quartz vibrations. Quartz peaks with different Si-O and Si-O-Al(Mg) vibrations
were detected close to 690, and 680 cm ™ ', bands close to 560 and 562 cm ™! indicate the typical elongation of the Si-O-Mg and bands
close to 450 and 453 cm™ * indicate the Si-O-Al bond [32]. This result is in accordance with that of XRD patterns.

Powder diffraction is one of the most widely used analytical techniques for characterizing solid-state materials. The XRD-Rietveld
refinement method can be used for phase identification, quantitative analysis, cell parameter determination, or complete crystal
structure analysis. Fig. 13 (a) presented the XRD pattern (26=5-70°) of control samples of clay bricks with BA10-40 and fired at 900
and 1000 °C. Fig. 13 (b) shows the XRD analysis by Rietveld refinement of clay bricks with BA40 (using the Topas program).

Table 5 shows the data of the XRD Analysis by Rietveld refinement of reference samples and samples with the addition of bottom
ash and fired at 900 and 1000 °C. Quartz is the main mineral in fired samples [33]. During the firing of ceramic specimens, the
percentage of quartz changes. At the firing of 900 °C, the amount of quartz changed from 76.48% to 60.22% and from 86.71% to
58.97% at 1000 °C, respectively. The clay mineral illite [34-36] is present only in the reference samples and is 3.12% at firing 900 °C
and 0.94% at 1000 °C. The presence of muscovite 2M1 [32] is typical in all samples but with different content (from 8.06% to 9.21% at
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Fig. 11. SEM-EDS analysis of clay brick samples fired at a temperature of 1000 °C: sample BAO (a), sample BA10 (b), sample BA20 (c), sample
BA30 (d).

firing 900 °C and from 1.85% to 3.2% at 1000 °C).
The presence of anorthoclase [37] is characteristic of all samples and increased with the amount of BA and temperature firing (from

1.93% to 4.53% at 900 °C and from 1.32% to 3.62% at 1000 °C). An increase in the percentage of anorthoclase indicates an
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Fig. 12. FTIR spectra for clay bodies samples with different amounts of BA and fired at 900 °C (a) and 1000 °C (b).

improvement in the strength characteristics of clay samples. Microcline is an important raw material for the ceramic industry [36]. The
microcline content in fired clay samples increases in proportion to the amount of BA and is from 1.26% to 6.83% at firing 900 °C and
from 1.32% to 3.62% at 1000 °C, respectively. It should be noted the presence of cristobalite [38] in fired ceramic samples that contain
the addition of BA. Therefore, in the ceramic samples fired at 900 °C, the presence of the.

cristobalite of 0.16-0.85%, at 1000 °C, the samples contending of 0.72-2.18%. According to [33,39,40], wollastonite is an in-
dustrial mineral comprised of calcium, silicon and oxygen. In the studied clay brick samples, the amount of wollastonite increases with
the rising amount of BA and ranges from 0.85% to 3.1% at firing at 900 °C and from 1.29% to 4.13% at 1000 °C respectively. The
samples contain wollastonite 2 M. Akermanite is a mineral of the melilite group [41]; it is also named a technogenic mineral. Aker-
manite is more durable than wollastonite. The content of akermanite increases with BA content and ranges from 0.24% to 2.06% at
firing 900 °C and from 0.43% to 1.79% at 1000 °C. Gehlenite is contained in the fired clay brick samples [41]. It is a mineral of the
silicate class, melilite group, forming a series with akermanite, with the same strength as akermanite. The gehlenite content is more
than one per cent in samples with BA30 and BA40. In the rest of the samples, the gehlenite content is less than one per cent. In addition,
less than one per cent is the mineral rutile [41]. It increases proportionally with the widening in the content of BA in the samples,
regardless of the firing temperature.

As for hematite [42,43], this is a relatively common and durable mineral. The hematite content in the samples increases with an
increase in the amount of BA from 0.15% to 2.04% at firing 900 °C and from 0.36% to 1.94% at firing 1000 °C. The presence of
hematite results in a slight change in the colour of fired items. Labradorite [33,44] is feldspar of the plagioclase series (isomorphic
mixture). In the samples under consideration, labradorite is formed in samples fired at 1000 °C beginning from BA20 and constitutes
1.5-5.45%.

According to [33,45], diopside is a mineral belonging to pyroxenes. With an increase in BA content in the samples, the diopside
content also is enlarged from 0.67% to 3.23% at firing 900 °C and from 0.76% to 5.67% at 1000 °C. Diopside actively interacts with
clay. An increase in diopside in the clay raw material intensifies the sintering process. It promotes the formation of an iron oxide melt,
which acts as a flux and participates in the sintering of the material. According to [45], when diopside is presented into the clay mass, it
improves the compressive strength and reduces the water absorption of the samples. In our case, this does not happen since, to fulfil
such a condition, the content of the diopside must be more than 6%.

The structure of porous materials is usually formed in crystallization or subsequent treatment stages and consists of isolated or
interconnected pores that may have similar or different shapes and sizes. Porous materials are characterized by pore sizes derived from
gas sorption data [46]. According to IUPAC classification, pore sizes of clay brick samples fired at 900 °C and 1000 °C belong to the II
type of isotherms (nonporous or macroporous). According to IUPAC [21], materials of fired clay bricks samples belong to the H3
hysteresis loop and are characterized by slit-shaped pores. The desorption curve of H3 hysteresis contains a slope associated with a
force on the hysteresis loop due to the tensile strength effect [47]. Pore size distribution studies obtained from nitrogen adsorption
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Fig. 13. XRD Analysis by Rietveld refinement of clay bricks: a — X-ray diffraction pattern of clay bricks fired by 900 and 1000 °C (1 - quartz, 2 —

muscovite, 3 — hematite, 4 — microcline, 5

— cristobalite, 6 — diopside, 7 — wollastonite, 8 - rutile, 9 — gehlenite, 10 — akermanite, 11 — labradorite, 12

— anorthoclase); b — powder diffraction pattern for clay bricks with BA30 and fired at 1000 °C.
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Table 5

Results of XRD analysis by Rietveld refinement.

Parameters Temperature of firing, 900 °C Temperature of firing, 1000 °C
Amount additive, wt%
0 10 20 30 40 0 10 20 30 40
Phases w, % D- w, D- w, % D- w, % D- w, % D- w, % D- w, % D- w, % D- w, % D- w, D-
spac., % spac., spac., spac., spac., spac., spac., spac., spac., % spac.,
A A A A A A A A A A
Amorphous 6.68 3.85 7.81 3.8 8.56 3.73 7.37 3.7 7.45 3.64 5.56 3.89 6.25 3.9 6.33 3.81 7.62 3.79 8.31 3.59
Quartz 76.48  4.26 742 425 69.74  4.25 64.68  4.25 60.22  4.26 86.71  4.26 82.04 4.25 76.19  4.25 65.07 4.25 589 4.26
3.57 3.34 3.34 3.34 3.34 3.34 3.34 3.34 3.34 3.34
3.27 2.45 2.45 2.45 2.46 2.46 2.45 2.45 2.45 2.46
Muscovite 8.06 10.04 8.32  10.07 8.88 10.05 9.21 10.11 8.34 10.02 2.53 10.05 3.13 10.03 3.2 10.01 2.36 10.01 1.85 9.93
2M1 4.49 4.48 4.99 5.02 5.00 5.02 4.45 4.44 4.44 4.96
3.35 3.5 4.48 4.47 3.31 3.52 3.48 3.48 3.51 3.49
Illite 3.12 4.46 — — — — — — — — 0.94 20.04 — — — — — — —
3.34 4.50
2.56 3.35
Anorthoclase 1.93 4.08 2.81 4.05 3.09 4.07 4.53 4.08 4.16 4.08 0.92 4.02 1.28 4.02 1.79 4.06 3.83 4.08 4.38 4.09
3.80 3.52 3.50 3.23 3.78 3.75 3.76 3.21 3.24 3.74
3.25 3.24 3.24 3.47 3.24 2.53 3.09 2.99 3.0 3.23
Microcline 1.26 4.26 2.34 4.21 2.83 4.23 5.21 4.19 6.83 4.21 1.32 3.88 2 3.96 2.06 3.97 3.04 3.99 3.62 4.00
3.57 3.51 3.51 3.51 3.49 3.50 3.5 3.51 3.44 3.20
3.27 3.30 3.31 3.30 2.88 3.23 3.21 3.18 3.18 3.09
Cristobalite — — 0.16 4.1 0.36 4.04 0.64 4.06 0.85 4.06 — — 0.72 4.06 1.21 4.05 1.42 4.05 2.18 4.04
3.19 2.89 3.15 3.13 3.12 2.95 3.14 2.8
2.85 3.12 2.84 2.90 2.92 2.52 2.48 2.52
Titanium 0.44 3.24 0.5 3.29 0.75 3.24 0.44 3.24 0.7 3.18 0.31 3.25 0.31 3.23 0.19 3.24 0.54 3.22 0.7 3.23
oxide 2.49 2.46 2.48 2.48 2.50 2.49 2.48 2.48 2.51 2.49
2.19 2.17 2.29 2.18 2.18 2.29 2.28 2.28 2.19 2.19
Diopside 0.67 2.94 1.68 3.2 1.7 3.24 3.23 3.29 3.03 2.98 0.76 3.04 0.95 3.02 2.89 3.21 5.38 3.23 5.67 295
3.04 2.98 2.99 3.22 2.55 2.54 2.93 2.97 2.99 2.98
2.50 2.92 2.94 2.97 2.92 2.94 2.88 2.81 2.90 2.53
Wollastonite — — 0.85 3.86 1.36 3.84 1.43 3.82 3.1 4.04 — — 1.29 3.87 1.68 3.33 2.93 3.5 413  3.82
2M 3.46 3.5 3.5 3.31 3.49 2.95 3.07 3.32
3.0 2.96 2.96 2.97 2.97 2.78 2.97 2.97
Hematite 0.15 3.68 0.49 367 0.93 3.67 0.94 3.68 2.04 3.68 0.36 3.68 0.89 3.67 1.26 3.67 1.83 3.68 194 3.34
2.70 2.69 2.69 2.69 2.70 2.70 2.69 2.69 2.69 2.68
2.52 2.51 2.51 2.51 2.51 2.51 2.51 2.51 2.51 2.51
Gehlenite 0.18 2.76 0.2 3.05 0.56 3.04 0.75 3.04 1.22 2.82 0.17 2.88 0.51 3.05 0.9 3.23 0.8 3.19 1.7 2.86
3.0 2.81 2.83 2.83 2.47 3.06 2.83 2.81 2.97 3.08
2.98 3.0 3.83 3.67 3.02 2.76 2.42 2.72 2.57 3.71
Akermanite 0.24 2.79 0.63 3.7 1.28 3.07 1.75 3.06 2.06 2.85 0.43 2.87 0.59 2.85 0.84 3.69 1.79 3.06 1.1 2.84
2.99 3.07 3.7 3.7 3.07 3.09 3.07 3.06 2.85 3.06
2.37 2.85 2.85 2.85 3.71 3.73 3.71 2.85 3.7 3.7
Labradorite — — — — 1.5 4.09 3.39 4.08 545 4.08
3.23 3.77 3.77
2.5 3.21 3.21
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experiments for samples fired at 900 °C and 1000 °C show a different trend when BA from 10% to 40% is included in the clay and at
two firing temperatures. The BET-based method was performed using nitrogen as the adsorbate at a 77.35 K. The relationship between
pore diameter, and the surface area was determined by the DFT method is shown in Fig. 14.

Fig. 14 shows that in the reference samples fired at 900 °C and samples with the addition of BA10, BA20 and fired at 1000 °C,
micropores predominate in the remaining mesopores. Surface area and adsorption were obtained from the adsorption isotherm and
calculated using a BET-based method. In addition, the total pore volume and average pore diameter were estimated using the DFT
method, and all these data can be seen in Table 6.

The table data shows that the surface area of clay samples and the total pore volume decrease when BA is added to the base material
for both firing temperatures. In addition, the average pore diameter of the samples without BA and with BA10, BA20 and fired at
900 °C had the same value (3.385 nm). However, with an increase in the amount of BA (30% and 40%) and a firing of 900 °C, the
average pore diameter of the samples increased sharply and amounted to 26.12 and 33.242 nm, respectively.

Nevertheless, the average pore diameter of samples fired at 1000 °C has a different dependence. The pore size of samples without
the addition of BA is 36 nm. Adding BA to the clay demonstrates a decrease in the pore diameter value at the same size. A positive
correlation was found between the specific surface area and pore volume for samples fired at 900 °C. A similar trend is observed for
samples fired at 1000 °C.

The data of nitrogen porosimetry can be compared with the studied microstructure of the samples. Samples fired at 900 °C
demonstrate two groups of porosity, 3 nm and 4.5 nm. The pores of the first group correlated to the porosity of BAO, BA10 and BA20
samples, and the second group to the porosity with BA30 and BA40 samples. In all samples fired at 900 °C, the group of pores had a
bimodal distribution, where pores of smaller diameter referred to slotted pores of clay material, and pores of larger diameter referred to
slotted and cylindrical pores, which are formed as a result of thermo-chemical transformations of BA and clay minerals. The formation
of cylindrical pores and an increase in the pore diameter in samples BA30 and BA40 fired at 900 °C is explained by the rise in the
percentage of BA. This is explained characterized by compaction of the structure of ceramic materials as a result of contact sintering of
the spherical vitreous substance of particles of amorphous clay aggregates and other components of the clay mixture, as well as by the
merging of small pores into larger ones and by thickening of the pore walls and partitions [48].

In the reference samples and samples with BA10 and BA20 and fired at 1000 °C, slit pores are formed. An increase in porosity is
observed in samples BA30 and BA40. This temperature range is characterized by three pore sizes: 1.5 nm, 1.8 nm, and 2 nm. A pore
size of 1.5 nm is typical for reference samples and BA10 and BA20 samples. The pore size of 1.8 nm refers to the BA30 samples, the
predominance of pores with a diameter of 2 nm is characteristic of samples with the BA40. The shape of slit and cylindrical pores can
explain this: the cylindrical pores are isolated and are typical of the material, which is used as an additive; the slit porosity of the
samples is interconnected with clay. The BA contains minerals that enter into thermo-chemical transformations resulting in the release
of gaseous components (CO3, Hy) in crystalline water and, as a result, lead to the formation of pores.

4. Conclusions

The bottom ash, formed in incinerating MSW in the CPP, belongs to non-hazardous waste and can be used as an additive in clay
bricks production. There are clays with a high CaO content (2.71%) in Lithuania, making it impossible to use additives with a high CaO
content. In the presented experimental study, clay raw materials with a low CaO content (0.2%). It has been established that BA
particles stabilise shrinkage during drying and reduce shrinkage during firing. The shrinkage is within the acceptable range. The
burnout of the small residual amount of organic substances in the clay, the decomposition of calcium carbonate, and the release of
gaseous substances and crystalline water during firing lead to a change in the microstructure of clay samples. The result of these
transformations is the formation of open porosity and a change in the shape of the pores, leading to a change in the samples’ physical
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Fig. 14. Pore size distribution from nitrogen adsorption test: a — fired samples at 900 °C; b — fired samples at 1000 °C.
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Table 6
N, adsorption measurements for clay samples at different firing temperature and amount of BA (DFT method).

Parameters Temperature firing 900 °C Temperature firing 1000 °C

Amount BA, %

0 10 20 30 40 0 10 20 30 40
Specific surface area, m?/g 11.444 7.923 6.311 6.478 4.513 1.992 1.592 1.122 1.123 0.930
Total pore volume, cc/g 0.051 0.038 0.030 0.027 0.019 0.017 0.006 0.004 0.004 0.003
Pore diameter, nm 3.385 3.385 3.385 26.12 33.24 36.00 33.24 33.24 33.24 33.24

and mechanical properties, frost resistance, and mineralogical composition.

The infrared spectra of clay, BA and clay brick samples fired at 900 and 1000 °C showed the presence of hydroxyl groups (OH) in
clay, a small amount of adsorbed water in clay and BA, the C-O bond, which corroborated the presence of CaCOs in BA and Si-O, Si-O-
Mg, Si-O-Al and Al-OH-Al bond for clay, BA and clay brick samples. These results are consistent with the XRD analysis.

Clay bricks containing 10-20% BA and fired at 900 °C had density of 1.93 and 1.92 g/cm?, shrinkage of approximately 5.9% and
5.5%, the compressive strength of 22.6 and 17 MPa, water absorption of 14% and 14.2%, open porosity is 27.3% and 28.4%, and frost
resistance 23 cycles. Frost resistance was determined by repeated freezing and thawing. The clay bricks fired at 1000 °C and containing
10-30% BA had a density approximately of 1.92-1.99 g/cm?; shrinkage of 6.6-5.8%, compressive strength of 14.5-22.6 MPa, water
absorption of 11.7-13.1%, the total open porosity of 25-26%, and frost resistance 25 cycles.

The samples fired at 900 °C and containing 10-20% BA predominated slit pores with a size of 3.3 nm. The clay body samples
containing 10-20% BA and fired at 1000 °C had slit pores with a pore diameter of 1.5 nm, but clay brick samples containing 30% BA
and fired at the same temperature predominated slit cylindrical pores with a pore diameter of 1.8 nm.

According to LST EN 772-22:2019, clay bricks containing up to 10-20% of BA and fired at 900 and 1000 °C can be utilized in
moderately aggressive environments (F1 class). However, specimens containing 30% BA and fired at 1000 °C can be used in passively
aggressive environments. Samples can be used for internal use; if used externally bricks are liable to be damaged by frost action if not
protected by impermeable cladding or render (FO class).

According to the results of the thermal conductivity analysis, it was found that the thermal conductivity values directly depend on
the porosity of the samples. The values of the measured thermal conductivity for the samples were in the range from 0.49 Wto 1.1 W/
m-K. In accordance with ASTM D 78896, it can be argued that the addition of bottom ash during clay brick production does not impair
the technical properties of the fired samples.

The results of this study point to the possibility of the development of fired clay bricks using up to 30% replacement of clay with
bottom ash. However, such a brick depends on its characteristics, particularly the class of frost resistance. In addition, bottom ash used
as an additive will reduce the amount of accumulated waste.
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