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Abstract. The relevance of the work is due to the need to expand the raw material base of the construction
industry and develop an effective technology for the disposal of waste from water treatment plants. The
purpose of the work was to establish the features of the phase composition and structure of loam ceramics
and incinerated sewage sludge ash. The work used differential thermal and X-ray phase analysis, electron
microscopy. It has been established that the enrichment of loam by the addition of ash from the incineration
of domestic sewage sludge (DSS) ensures the connection of aggregates and individual particles into a
single system reinforced with anorthite crystals. In this case, an increase in the amount of the anorthite
phase and the mechanical strength of ceramics occurs with an increase in the proportion of ash from the
incineration of DSS in the charge to more than 20 %. It is shown that the structure of ceramics made from
loam with the addition of ash from the combustion of DSS is characterized by a spatial frame, which is a
kind of a matrix that combines filler particles according to the "core-shell" type, and an increase in the
number of reserve pores, which favorably affects the frost resistance of ceramics.
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1. Introduction

Currently, facade ceramics are widely used both in civil and industrial construction. The demand for
such ceramics is due to their high performance properties: strength, durability, fire and environmental
safety. However, the limited reserves of high-quality clays hinder the growth in the production of facade
ceramics. Therefore, the development of technological processes for obtaining competitive facade
ceramics from low-grade clay raw materials and man-made waste is of particular relevance.

In the production of building materials, one of the most popular secondary sources of raw materials
is the ashes of thermal power plants [1-7]. The Russian enterprise’s experience indicates that the addition
of ashes and slags from thermal power plants into the composition of the charge contributes to a decrease
in the firing temperature, an increase in the strength and frost resistance of products, and a decrease in
fuel consumption [8-10]. The mineral particles contained in their composition and unburned coal form a
ready-made additive for emaciated purpose. The use of ash, especially fine-grained ash, as a lean additive
helps to reduce the crack resistance of ceramic products during drying [11-14]. The moisture conductivity
of ash-clay masses of optimal compositions is 5 times higher than the moisture conductivity of clay raw
materials, and shrinkage during drying decreases by 4-5 times [15-18].

Nowadays, recommendations have been developed on the selection of the composition of the raw
mixture, taking into account the main patterns of the influence of TPP ash on the properties of clays and
loams. The recommended amount of ash added into the charge (vol%) are: 10—20 for clays of low plasticity,
20-30 for moderate plastic, 30—40 for medium plastic [19]. Low-melting ash from coal combustion has an
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advantage over ash from brown coal. The brown coal, in the production of wall ceramics, as a rule,
adversely affects the properties of the clay mass and finished products.

Among the promising secondary sources of raw materials for the production of building ceramics,
along with the ashes from thermal power plants, are ashes from the incineration of domestic sewage sludge
(DSS). The properties of such ashes and the possibility of their use in composition with clay raw materials
from the construction industry have been studied in a number of works [20-29].

The addition of ash from the incineration of DSS into the composition of the clay charge, which,
according to the authors of [22] refers to complex polymineral systems with low-symmetry crystalline
modifications, reduces shrinkage during drying of products, promotes the intensive formation of the
crystalline structure of ceramics, and also leads to the intensive formation of a melt that binds magnesium
and calcium oxides into aluminosilicates. The melt, evenly distributed at the grain boundaries, dissolves
silica and prevents the process of its cristobalitization. This leads to the formation of a dense structure of
the shard and, as a result, increased strength and frost resistance of products [27].

The water absorption of specimens with an ash content of 50 % DSS, obtained by firing them at a
temperature of 1000 °C, was about 20 %, but decreased (down to 12—15 %) with an increase in the firing
temperature to 1100 °C [23].

According to the results presented in [24], intensive sintering of ash from the incineration of DSS,
accompanied by an increase in the density of the shard, occurs in the temperature range of 1050-1100 °C.
After roasting, the samples of the DSS ash reached, on average, a maximum density of 2.25 kg/m3. The
discrepancy in the maximum densities achieved is quite low (in the range of 2.09 to 2.36 kg/m3 the
coefficient of variation was 4.7 %). Although it is assumed that the compaction initiation temperatures show
much higher variability. Density growth seems to start at temperatures between 900 and 1150 °C, and the
optimum conditions, i.e. the peak density point, range from 1050 to 1200 °C. The water absorption of
specimens with an ash of the DSS content of 50 %, obtained by firing at a temperature of 1000 °C, was
about 20 %, but decreased (down to 12—-15 %) with an increase in the firing temperature to 1100 °C.

It was noted in [25, 26, 30] that ceramics made with the use of DSS ash do not always have stable
strength characteristics, even in the presence of a dense structure. According to the authors of these
studies, this is due to the unstable chemical composition of the ashes. In this regard, the study of the
physical and chemical patterns of the formation of the phase composition of a ceramic shard during the
production of facade ceramics using ash from the incineration of DSS has scientific and practical interest.
It can expand the raw material base of enterprises for the production of ceramic materials and ensure the
disposal of environmentally hazardous waste, thereby reducing the load on the environment.

The purpose of the work was to identify the relationship and patterns in the "composition — structure
— property" system, which allow optimizing the formulations of compositions from loam and incinerated
sewage sludge ash to achieve the required levels of technological, physical and mechanical characteristics.

To achieve this goal, the following tasks were solved:
— the dynamics of phase transformations occurring during the firing of ceramics from loam and
incinerated domestic sewage sludge ash in the temperature range up to 1100 °C was studied,;

— the features of the phase composition and structure of the ceramic shard of samples of different
compositions were studied;

— the properties of ceramic products made from a mixture based on loam and incinerated sewage
sludge ash were determined.

2. Materials and Methods

To obtain samples of clay-ash ceramics, representative technological samples of loam from the
Kamyshensky deposit of the Novosibirsk region were used. The chemical composition of loams is given in
Table 1. According to the chemical composition, the raw material is acidic, with a low content of water-
soluble salts, coarse and dusty, moderately plastic and sensitive to drying.

Table 1. Composition of the mineral part of loam.

i 0,
Charge Oxide content, wt% Total LOI

Component above 100%

SiO2 A1203 Fe203 CaO MgO K20

Loam 68.70 11.78 4.10 4.76 1.68 3.60 5.62
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As an additive to the loam, ash obtained from the incineration of domestic sewage sludge was used.
Municipal enterprise "Vodokanal" (Novosibirsk) provided a mixture of mineral and organic substances in
the form of a colloidal solution (humidity 95-97 %) during settling at a water treatment plant. Before
incineration, sewage sludge was preliminarily dried at 120 °C. The sludge was burned for an hour in a
laboratory furnace SNOL 6,7/130 at a temperature of 800 °C.

According to the chemical composition, ash is an acidic raw material with a high content of coloring
oxides (Table 2).

Table 2. Chemical composition (wt%).

MgO Al2Os SiO2 P K20 CaO TiO2 MnO FeO Cu Zn 0

1.9 10.6 53.9 6.1 3.1 6.2 6.3 0.2 7.5 0.12 0.3 47

The effect of domestic sewage sludge incinerated ash on the nature of physical and chemical
processes during firing, the phase composition, physical and mechanical properties of clay ash ceramics
was studied on samples with a diameter of 20 mm and a height of 20 mm, which were prepared from
charges of different composition (Table 3) in the following order.

Table 3. Compositions of charge and structural and mechanical characteristics of samples

Component content, wt% Structural and mechanical characteristics of

. samples
Composition No. Average density Compressive strength
Loam Ash of DSS glem? ’ MPa ’
1 100 0 2.08 3.3
2 80 20 2.07 10.2
3 50 50 2.08 27.0
4 20 80 2.08 31.6
5 0 100 211 30.2

For the preparation of ceramic samples, samples of loam and ash were dried to a constant weight at
a temperature of 110 °C in an oven. Prepared raw materials were dosed by weight, thoroughly mixed. The
resulting mixture was moistened and aged for a day to evenly distribute moisture throughout the volume of
the molding masses. Samples with a diameter of 20 mm and a height of 20 mm were molded on an Across
MP15 press at a pressure of 1.5 MPa and dried at a temperature of 110 °C in an oven to constant weight.
The samples were fired in a muffle furnace SNOL 6,7/1300. The temperature rise rate was 5-10 °C/min
with holding at the maximum firing temperature equal to 1100 °C for two hours. Cooling of the samples to
30 °C was carried out together with the oven for 18 hours.

The dynamics of phase transformations in the studied compositions was evaluated based on the
results of X-ray phase and thermal analyses. X-ray phase analysis (XPA) was carried out on a Bruker D8
Advance diffractometer using Cu-Ka radiation. The obtained diffraction patterns were identified using the
PDF2 database with the Search-Match shell.

Differential thermal analysis was carried out on a Netzsch STA 449C setup. The values of exo- and
endoeffects were determined in the temperature range of 20—900 °C at a rate of 10 deg/min in a closed
crucible and a helium flow.

The determination of the frost resistance of ceramics was carried out on sample tiles with dimensions
of 150x100x8 mm. The samples were saturated with water for 48 hours at a temperature of 20 °C. The
samples saturated with water were placed in a freezer maintaining the temperature no less than —18 °C.
The test cycle included:

— freezing for 2 hours;

— defrosting for 1 hour under water at a temperature of 20 °C.

Electron micrographs and elemental analysis were obtained on an electron microscope Hitachi TM-

1000 equipped with a TM1000 EDS energy dispersive detector.
3. Results and Discussion

The DTA, TG, and DTG curves shown in Fig. 1 indicate that a number of endothermic and exothermic
effects are observed when the ceramic mass is heated.
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Figure 1. Thermogram of ceramic composition No. 3.

The weight loss of 3.04 % and the endo-effect in the temperature range of 50-220 °C are due to the
removal of interpacket and interplanar water from clay minerals. Further reduction in mass when the
material is heated to 680 °C occurs at a much lower rate.

In the temperature range of 340-550 °C, the processes of magnetite oxidation and polymorphic
transformation of quartz, accompanied by an exothermic effect, occur: the transition of B-quartz to a-quartz.

The endo-effect at 700 °C is associated with the destruction of the kaolinite lattice: kaolinite loses
water of crystallization and turns into metakaolinite, which decomposes into oxides at 800-900 °C [31]. A
low-intensity exothermic effect at 830 °C can be identified with the oxidation of the remaining magnetite to
Fe20s.

The processes occurring in the temperature range of 770-950 °C are quite diverse. In addition to the
oxidation of iron, this is the dissociation of carbonate inclusions in the clay raw material [32], as well as the
formation of new crystalline phases: in ceramics after firing at a temperature of 1000 °C according to XRD
data (Fig. 2), quartz (3.35 A) anorthite (3.10; 4.05 A), and hematite (2.7 A) are identified.

It should be noted that there is no free calcium oxide (CaO) in the shard, which indicates complete
involvement of the dispersed carbonate additive in the physicochemical reactions during the firing process.
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Figure 2. X-ray patterns of ceramic samples from the charge of composition No. 3.

Processing the results of X-ray phase analysis using the corundum number method made it possible
to estimate the content of anorthite in the crystalline phase of ceramics from loam with the addition of
incinerated DSS ash. The data obtained (Table 4) show that with an increase in the ash content of DSS in
the charge above 20 %, the amount of the anorthite phase increases.

Data on the amount of anorthite correlate with data on the strength of ceramic samples (Table 3): a
high anorthite content makes it possible to reinforce the ceramic structure more strongly and thereby
increase its mechanical strength. This character of the influence of the anorthite phase on the physical and
mechanical properties of ceramic materials was previously noted in a number of studies [33-36].
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Table 4. Results of quantitative X-ray phase analysis of ceramic samples using the corundum
number method.

Composition No. according to Table 3 Phase composition
2 64% anorthite CaAl2Si2Os + 34% quartz SiO2 + 2% hematite Fe203
3 68% anorthite CaAl2Si2Os+ 29% quartz SiO2 + 3% hematite Fe203
4 69% anorthite CaAl>Si2Os+ 29% quartz SiO2 + 2% hematite Fe2O3

A possible mechanism for the formation of anorthite may be related to the reaction involving
amorphous silica and calcium oxide. According to studies [28, 37-39], the process of crystallization of
anorthite in clays with a high content of calcite begins with an exothermic effect at a temperature of 840 °C.
The process is activated by the exothermic oxidation of iron FeO => Fe2Os. Moreover, the released heat
contributes to the dissociation of calcium carbonate. The following reaction takes place:

Al203 25i02 + CaCOs = CaO Al203 2SiO2 + COo.

Thus, the amount of anorthite formed during the sintering of the clay ash charge is limited by the
amount of newly formed CaO and metakaolinite.

Studies of the surface relief and distribution of the main chemical elements in ceramic samples of
different compositions have shown that a feature of ceramics from loam with the addition of ash is the
structure characterized by a spatial frame, which is a kind of a matrix that combines filler particles in a "core-
shell" type. The organization of the ceramic shard structure according to this principle is confirmed by the
electron microscopy data presented in Fig. 4.
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Figure 4. Electron microscopy of ceramic samples: a — composition No. 4; b —composition No. 3;
¢ —composition No. 2.
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A feature of the structure of the newly obtained clay-ash ceramics is also the organization of the pore
space. The study of the porous-capillary structure of the samples by mercury porosimetry showed a
difference in the size distribution of pores in ceramics with and without ash additives.

The integral curves presented in Fig. 5 indicate that the introduction of ash into the mixture leads to
an increase in the number of pores with a diameter of 10%-10-° m. According to [40], pores of this size are
reserve, since they are not filled when water is saturated, and allow water to expand when it freezes,
thereby minimizing hydrostatic pressure, which is a favorable factor for increasing the frost resistance of
newly developed ceramics.

Pore volume. ml/'g
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Figure 5. Integral curve of pore size distribution: 1 — composition No. 1; 2 — composition No. 3.

The structure of porosity largely determines the performance properties of wall ceramics. Taking into
account the presence of changes in the pore structure of the clay-ash ceramics, the tiles of the experimental
batch were additionally tested for frost resistance.

The results of the tests showed the absence of damage and weight loss. During 100 freeze-thaw
cycles, no damage, chips, cracks, delaminations were observed both from the front and from the mounting
surfaces (Fig. 6), which meets the requirements of Russian State Standard GOST 13996-2019 “Ceramic
tiles. General specifications".

Thus, the research results allow us to conclude that the higher strength of the walls of pores and
capillaries, due to the composition of the crystalline phases, in particular, the increased content of anorthite,
provides resistance to the destructive effect of water freezing in the pores of the material under conditions
of changes in the porous-capillary structure of the shard of clay-ash ceramics.
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Figure 6. Appearance and macrostructure of ceramic tiles (composition No. 3) before and after
frost resistance tests: a— 0 cycles; b — 100 cycles.

To confirm the results of laboratory studies on the development of the charge composition, an
experimental batch of facade tiles was made from the newly developed charge composition.

Products were molded on a Ural-M3 vibropress (vibration frequency 65 Hz, pressure 12 MPa). The
molded products were kept in the drying chamber for 24 hours. Roasting was carried out at a temperature
of 1100 °C. The results of tests of ceramic products are presented in Table 5.

Table 5. Table 5. Properties of facade ceramic tiles from clay-ash mixture.

Flexural Strength (MPa) Water absorption (%) Frost resistance (cycles)
Charge Sample ) . Requirement

composition No. Requirement Requirement oquussian
of Russian Fact of Russian Fact State Fact

State Standard State Standard Standard

no more than
1 at least 16 19.5 9 and no less 4.9 at least 40 112
Ash than 2

50%, loam 2 —||— 19.1 —||— 5.1 —||— 110
50% 3 —||— 18.8 —||— 5.6 —||— 105
4 —||— 18.7 —||— 5.8 —||— 104
5 —||— 19.3 —||— 50 —||— 110
average 19.08 5.28 108

4. Conclusions

An analysis of the physicochemical transformations of the phase composition and structure of the
ceramic shard, occurring in the studied compositions in the temperature range up to 1100 °C, allows us to
conclude that:

1. Enrichment of loam with the addition of ash from the incineration of DSS provides:
— connection of aggregates and individual particles into a single system reinforced with anorthite
crystals;

— an increase in reserve porosity, which favorably affects the frost resistance of the resulting
ceramics.

2. The special features of ceramics from loam and incinerated domestic sewage sludge ash is:

— anincrease in the amount of anorthite phase with an increase in the ash content in the charge
over 20 %. A higher anorthite content makes it possible to reinforce the ceramic structure more
strongly and thereby increase its mechanical strength.

— a structure characterized by a spatial frame, which is a kind of a matrix that combines filler
particles according to the "core-shell" type.

3. The test results of an experimental batch of facade tiles made from a mixture of a newly developed
composition confirm the positive effect of an increase in the content of anorthite and reserve
porosity on the performance properties of products, established in the course of laboratory studies.
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