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Abstract

This study investigates ceramic bricks produced by partially replacing clay with Pb–Zn
metallurgical residues (lead furnace dust and cyclone dust), fly ash, and carbonaceous
additives. The novelty lies in the integrated multi-waste formulation and the combined
FTIR–TGA–XRD analytical approach used to elucidate phase-formation mechanisms. The
results show that firing promotes the development of quartz, mullite, iron oxides, and an
extensive Fe–Pb–Zn–Si–O amorphous network, while higher residue contents enhance
amorphization and suppress mullite crystallization. These microstructural changes corre-
late with reduced compressive strength (1.6–3.1 MPa) and high water absorption (32–36%),
although all samples completed 15 freeze–thaw cycles. Heavy-metal leaching assessed
by atomic absorption spectroscopy (AAS) revealed very low Pb (0.08–0.20 mg/L) and Zn
(0.25–0.45 mg/L) release, well below international safety limits, demonstrating effective
immobilization of hazardous ions within the glassy matrix. Overall, the study provides
new insight into multi-waste interactions during sintering and confirms that controlled
residue incorporation enables environmentally safe, non-load-bearing ceramic materials
with reduced clay consumption.

Keywords: ceramic brick; industrial waste; fly ash; lead–zinc production dust; heavy
metal immobilization

1. Introduction
The construction industry is one of the largest global consumers of natural resources

and generators of waste. According to the European Commission, construction activities
account for nearly 40% of total raw material consumption and more than 30% of waste
generation in Europe [1]. Although more than 750 million tons of industrial and construc-
tion waste are produced annually, only 30–40% undergo recycling [2]. This contributes
to soil degradation, water contamination, and increased CO2 emissions, emphasizing the
need for sustainable approaches to material production. Circular-resource strategies are
increasingly adopted to reduce environmental impact and reintegrate industrial residues
into building material manufacturing [1,3,4]. It is well established that microstructural
modifications induced by various fillers can significantly affect the performance properties
of materials [5].
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Clay brick remains an essential construction material due to its mechanical strength,
durability, and thermal stability. However, conventional brick production requires sig-
nificant clay extraction and energy input. Numerous studies have demonstrated that
incorporating industrial by-products—such as fly ash, metallurgical residues, sewage
sludge, and agricultural waste—can reduce the environmental footprint while modifying
or improving certain ceramic properties [6–13]. For example, Sutcu et al. [6] reported that
fly ash enhances sintering and decreases firing temperature, while Chindaprasirt et al. [11]
showed that combining fly ash with waste glass improves water resistance. Research by
Taha et al. [7,8] and Ospanov et al. [9] confirmed that zinc-containing dusts and sewage
sludge can partially replace clay and produce environmentally acceptable ceramic products.

Several studies have reported that ceramic materials produced with industrial wastes—
such as fly ash, metallurgical dusts, electroplating sludge, and Pb–Zn residues—may
exhibit varying degrees of heavy-metal mobility depending on firing conditions, glass-
phase development, and mineral transformations [8,14,15]. Research shows that hazardous
elements (Pb, Zn, Cd, Cr) can be partially immobilized within silicate or vitreous matrices,
yet their long-term stability is strongly influenced by porosity, fluxing oxides, and the extent
of vitrification [11,16,17]. Because of these factors, assessing the potential toxicity and
leaching behavior of waste-derived bricks is essential for evaluating their environmental
safety. Despite growing interest in waste-based ceramics, the toxicity of bricks incorporating
Pb–Zn-bearing industrial residues remains insufficiently studied, indicating the need for a
focused environmental assessment and experimental leaching analysis.

An important direction within this field is the use of carbonaceous additives—
including coal dust, biomass, or graphite—which function as internal fuel and pore-forming
agents, reducing density and enhancing thermal insulation [18–20]. Despite these advances,
most studies focus on single-waste or two-waste systems, whereas multi-component indus-
trial residues remain insufficiently explored [16]. In particular, the combined incorporation
of Pb–Zn production dusts, fly ash, and carbon-based additives has not been systematically
investigated, although such combinations may improve waste immobilization and enable
synergistic mineral-phase transformations. Compositional variability within metallurgical
dusts further complicates reproducibility, increasing the risk of heavy-metal leaching when
immobilization is incomplete [8,14]. Moreover, firing regimes typically used for clay-based
ceramics (900–1050 ◦C) [13,21] may require adjustment to ensure complete stabilization and
glass-phase development. Long-term durability indicators—such as frost resistance and wa-
ter stability—also remain insufficiently documented, while scaling laboratory formulations
to industrial production continues to present challenges [9].

Additional studies have examined other classes of industrial by-products, includ-
ing fluorogypsum and fluorohydrite, demonstrating that chemical activation enables
their transformation into durable, environmentally safe binders for construction applica-
tions [22,23]. These findings support broader zero-waste and circular-economy principles.
Recent advances in functional building materials highlight the growing potential of in-
dustrial by-products and engineered clay systems to enhance thermal, mechanical, and
environmental performance. Studies have shown that the incorporation of aluminosilicate
residues, mineral wastes, and modified clay composites can stimulate beneficial phase for-
mation, promote glassy network development, and improve heavy-metal immobilization
in ceramic matrices [24–27]. These works demonstrate that multi-source waste integration
is a promising pathway for designing sustainable, high-performance construction materials,
further reinforcing the relevance of combining Pb–Zn dust and fly ash in ceramic brick
formulations.

The novelty of this study lies in the integrated use of Pb–Zn metallurgical dusts, fly ash,
and carbonaceous additives within a single ceramic formulation, analyzed through a corre-
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lated FTIR–TGA–XRD approach. This provides comprehensive insight into multi-waste
interactions during sintering, phase evolution, and microstructural development, while
also clarifying the mechanisms of heavy-metal immobilization in complex ceramic systems.

In addition to the scientific context, the authors have prior experience in the devel-
opment of waste-derived construction materials, including a patented technology for
producing anhydrite binder from fluorogypsum residues [28]. This practical background
supports the relevance of the current study and demonstrates the feasibility of converting
industrial waste into environmentally safe and functional building materials.

The aim of this research is to determine optimal waste ratios that ensure effective
Pb/Zn stabilization and acceptable physico-mechanical performance, thereby supporting
the development of sustainable construction materials within circular-resource frameworks.

In contrast to earlier studies limited to one- or two-waste systems, the combined use of
Pb–Zn dusts, fly ash, and carbonaceous additives provides complementary functions that
are unattainable in binary mixtures. Their synergistic interaction during firing promotes
the formation of mixed Fe–Pb–Zn–Si–O glassy domains, modifies mullite crystallization,
and enhances Pb/Zn immobilization. This integrated multi-waste mechanism represents
the key innovative contribution of the current work.

2. Materials and Methods
2.1. Raw Materials

The ceramic mixtures were prepared using local clay as the base material and two
types of Pb–Zn metallurgical residues: lead furnace dust and cyclone dust. Fly ash was
used as a supplementary siliceous additive, while a carbonaceous component (bituminous
coal) served as an internal fuel promoting partial pore formation during firing. Only
four formulations were produced, containing 20 wt.% and 25 wt.% of lead furnace dust
and 20 wt.% and 25 wt.% of cyclone dust. No electrostatic precipitator dust (ESP) was
incorporated into the final mixtures. All raw materials were dried and ground to ensure
homogeneity before mixing. The compositions of the ceramic mixtures are summarized in
Table 1.

Table 1. Composition of ceramic mixtures (wt.%).

Component Range (wt.%) Function

Clay loam 60–65 Primary binder, aluminosilicate matrix
Fly ash 7–12 Fine filler, improves microstructure and sintering
Pb–Zn dusts (furnace and cyclone) 20–30 Source of Fe-, Pb-, and Zn-bearing phases
Carbonaceous additive ~3 Internal fuel and pore-forming agent

2.2. Preparation of Samples

Dry components were mixed for 3–5 min and moistened to 18–22% to obtain a plastic
mass. The mixture was molded into steel forms (160 × 40 × 40 mm), followed by two-stage
drying: 48 h under ambient conditions and oven-drying at 105 ◦C. Firing was performed in
a muffle furnace at 1000 ◦C with a 2 h holding period and subsequent furnace cooling. The
appearance of the produced ceramic samples with different types and contents of Pb–Zn
dusts is presented in Figure 1.
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Figure 1. Appearance of ceramic bricks produced using different types and contents of metallurgical
dust additives: (a) bricks with 20% and 25% lead furnace dust; (b) bricks with 20% and 25% cyclone
dust, respectively.

2.3. FTIR Analysis

FTIR spectra were recorded using an FT-801 spectrometer (Simex, Moscow, Russia)
with a resolution of 1 cm−1 in the range of 500–4000 cm−1. The standard KBr pellet
technique was applied, in which the sample was mixed with potassium bromide at a ratio
of 1:10. Measurements were carried out at 25 ◦C, with 100 scans collected for each specimen.
Prior to use, KBr was ground and pre-calcined at 200 ◦C for 3 h to remove residual moisture.

2.4. Thermogravimetric Analysis (TGA)

The thermal behaviour of raw materials was analysed using a differential thermo-
gravimetric analyzer BXT-TGA 103 (BXT Instruments, Chongqing, China) under an argon
atmosphere. Measurements were performed within the temperature range of 30–1000 ◦C at
a heating rate of 10 ± 1 ◦C/min. The sample mass was approximately 20 ± 2 mg.

2.5. X-Ray Diffraction (XRD)

X-Ray diffraction (XRD) analysis was performed using an X’Pert PRO diffractometer
(PANalytical, Almelo, The Netherlands) with Cu Kα radiation. Diffraction patterns were
collected in the 2θ range of 20–90◦, and the obtained data were used to identify crystalline
phases and evaluate structural changes after firing.

2.6. SEM Morphology and EDS Composition of Raw Clay

The microstructural and energy-dispersive analysis of the clay powder was carried out
using a SEM3200 scanning electron microscope (CIQTEK Co., Ltd., Hefei, China) equipped
with a tungsten cathode. The observations were performed at an accelerating voltage of
15 kV under low-vacuum conditions. A backscattered electron (BSE) detector was used to
obtain the images, and the microstructure was recorded at a magnification of 100×.

2.7. Mechanical and Durability Testing

Compressive Strength. Compressive strength was tested according to ASTM C67 [29]
using standard loading procedures.

Water Absorption. Water absorption was evaluated following ISO 10545-3 [30] by
immersing dried samples in water for 48 h.

Frost Resistance. Freeze–thaw resistance was assessed by cyclic exposure between
−20 ◦C and +20 ◦C with visual inspection for cracks and spalling.

2.8. Heavy-Metal Leaching and AAS Analysis

Leached Pb and Zn concentrations were measured using an atomic absorption
spectrometer Savant AA (GBC Scientific Equipment Pty Ltd., Keysborough, VIC, Aus-
tralia; 2023). Crushed samples (<5 mm) were mixed with deionized water at a liquid–solid
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ratio of 10:1, shaken for 18 h, and filtered (0.45 µm). AAS measurements were performed in
an air–acetylene flame using certified standard solutions. Detection limits were 0.005 mg/L
for Pb and 0.01 mg/L for Zn. Measurements were performed in triplicate and compared
with international regulatory limits (TCLP/EN 12457 [31,32]).

3. Results and Discussion
To ensure a clear interpretation of the results, this section presents the findings in three

consecutive stages. First, the raw materials (clay loam, fly ash, lead furnace dust, cyclone
dust (P-3), and coal) are characterized by FTIR, TGA, and XRD to establish their chemical,
thermal, and phase features. Second, the same analytical techniques are applied to the fired
ceramics to assess structural changes and phase evolution during sintering. Finally, the
physico-mechanical and durability properties of the bricks are evaluated and related to
the microstructural observations. This integrated approach clarifies how the composition
and thermal behavior of the raw materials govern the microstructure, porosity, and overall
performance of the fired ceramics.

3.1. Characterization of Raw Materials (Powders)

Fly Ash. Figure 2 shows the FTIR spectrum of fly ash obtained after complete fuel
combustion. The broad band at 3436 cm−1 corresponds to O–H stretching of adsorbed
water and surface hydroxyls, while the weak feature at 2920 cm−1 reflects trace C–H
vibrations from residual organic fragments [33]. The band at 1640 cm−1 (H–O–H bending)
confirms the presence of physically bound moisture.

Figure 2. FTIR spectrum of fly ash.

A distinct absorption at ~1430 cm−1 is attributed to carbonate groups (CaCO3/MgCO3),
typical for alkaline-earth components or secondary carbonation. The strong band in the
1080–1100 cm−1 region represents Si–O–Si asymmetric stretching in amorphous silica
and quartz. The signal at 780–800 cm−1 corresponds to symmetric Si–O–Si vibrations,
while the feature near 550 cm−1 indicates Si–O–Al bending in aluminosilicates or mixed
silicate–phosphate units [34].

Overall, the spectrum indicates that the fly ash is dominated by an amorphous sili-
cate phase with minor carbonate impurities and minimal organic residue, supporting its
suitability as a mineral filler in ceramic formulations.

https://doi.org/10.3390/buildings16010020
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Lead Furnace and Cyclone Dust. Figure 3 presents the FTIR spectra of lead furnace
dust and cyclone dust (P-3). Both materials show a broad O–H stretching band near
3430 cm−1 and a weak C–H feature at 2920 cm−1, reflecting adsorbed moisture and trace
organic residues. The H–O–H bending mode at 1635 cm−1 indicates surface-bound hydra-
tion, while the band at ~1450 cm−1 corresponds to Ca/Mg carbonates originating from
high-temperature metallurgical processes.

Figure 3. FTIR spectrum of lead furnace and cyclone dust.

The strong absorption at 1080–1090 cm−1 is associated with Si–O–Si stretching, sug-
gesting the presence of siliceous particles or secondary silicate phases formed during
volatilization of the charge. The absorption band in the 600–900 cm−1 region is a superposi-
tion of several vibrational modes, including contributions from Pb–O and Zn–O bonds, as
well as Fe–O and Si–O–(Al) bending vibrations typical of complex oxide and aluminosili-
cate systems present in metallurgical dusts. Of particular relevance are the deformation
vibrations in the 600–900 cm−1 region, which are characteristic of Pb–O and Zn–O bonding
and reflect the presence of PbO, Pb3O4, ZnO, and mixed oxide species typical of Pb–Zn
smelting residues [33,35]. A signal near 520 cm−1 is attributed to aluminosilicate fragments
entrained during dust formation.

Overall, the FTIR spectra confirm that both dusts possess a complex mixture of silicate,
carbonate, iron-oxide, and Pb–Zn-oxide components formed through high-temperature
volatilization and condensation in the smelting off-gas stream.

The FTIR spectra of the dusts contain characteristic absorption bands in the
600–900 cm−1 region, corresponding to Pb–O and Zn–O vibrations. These bands are
typical for oxide and mixed oxide species formed in Pb–Zn metallurgical residues and are
widely reported in the literature. Therefore, the presence of heavy-metal ions (Pb and Zn)
in the raw dusts is supported by both our FTIR results and previous studies.

Clay Loam. Figure 4 shows the FTIR spectrum of the clay loam. The broad band in the
3600–3200 cm−1 region corresponds to O–H stretching vibrations of kaolinite, montmoril-
lonite, and structurally bound water. A strong absorption at 1000–1100 cm−1 reflects Si–O
stretching within aluminosilicate frameworks, indicating the presence of quartz and layered
clay minerals. The bands at 800–600 cm−1 arise from Al–OH and Si–OH bending vibrations
typical of phyllosilicates, confirming that the clay is dominated by aluminosilicate phases
that form the primary structural matrix of the ceramic body [34,36].

https://doi.org/10.3390/buildings16010020
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Figure 4. FTIR spectrum of clay loam.

Bituminous Coal. Figure 5 shows the FTIR spectrum of bituminous coal. The broad
band near 3420 cm−1 corresponds to hydroxyl groups (phenolic and carboxylic) and
adsorbed moisture. The signals at 2920 and 2850 cm−1 represent aliphatic C–H stretching,
indicating the presence of long-chain hydrocarbons.

Figure 5. FTIR spectrum of bituminous coal.

Strong absorptions in the 1700–1600 cm−1 region originate from carbonyl (C=O) and
aromatic C=C stretching [33], while the band at ~1450 cm−1 reflects CH2/CH3 deformation
vibrations. The 1200–1000 cm−1 region is associated with C–O stretching in alcohols, ethers,
and phenolic compounds. Out-of-plane aromatic C–H bending at 700–900 cm−1 indicates a
polycyclic aromatic structure typical of medium-rank coals [37].

These spectral features confirm an intermediate metamorphic degree with a high
proportion of aromatic carbon structures.

https://doi.org/10.3390/buildings16010020
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3.1.1. TGA of Raw Materials

Figure 6 presents the TGA curves of bituminous coal, fly ash, clay loam, lead furnace
dust, and cyclone dust (P-3).

Figure 6. Comparative thermogravimetric analysis of coal, fly ash, clay soils, and dust samples.

Bituminous coal exhibits three typical stages: (i) moisture removal below 160 ◦C,
(ii) intensive pyrolysis and volatile release between 200–600 ◦C, and (iii) oxidation of fixed
carbon in the 400–800 ◦C range. The high residual mass above 800 ◦C corresponds to the
mineral ash fraction [38].

Fly ash shows minimal mass loss at low temperatures and a characteristic decarbona-
tion peak of CaCO3 near 750 ◦C. More than 90% of the mass remains at 1000 ◦C, reflecting
the dominance of thermally stable silicate and oxide phases [39].

Clay loam demonstrates moisture release at 30–200 ◦C, followed by the dehydrox-
ylation of kaolinite–illite phases around 500–520 ◦C and carbonate decomposition near
850–900 ◦C. The final residue consists mainly of SiO2, Al2O3, and Fe2O3, indicating negligi-
ble organic content [40].

The dust fractions differ in composition and thermal behavior. Cyclone dust—high
residual mass (mineral phase) and a shift of the T_peak to higher temperatures, indicating
low volatility. Radiation dust—a weak low-temperature peak (200–400 ◦C) and a broad
carbon oxidation peak at 500–800 ◦C, reflecting a high proportion of fixed carbon [41].

3.1.2. X-Ray Diffraction (XRD) of Raw Materials

Figures 7–11 present the XRD patterns of the raw materials, including clay soils (loam
and clay loam), coal, fly ash, and metallurgical dusts (cyclone, convective, and radiation
dust). The results confirm significant mineralogical differences among the components,
which strongly influence sintering behavior and phase formation during firing.

Clay soils. The XRD pattern of the clay soils (Figure 7) is dominated by quartz,
which exhibits its characteristic reflections at 2θ = 20.8◦ (100), 26.6◦ (101), 36.5◦ (110), 39.8◦

(102), 50.1◦ (112), 59.9◦ (211), and 68.2◦ (212). A weak diffraction maximum at 2θ ≈ 24.9◦,
corresponding to kaolinite (002), is also observed, indicating the presence of residual
kaolinitic components in the raw clay [42]. In addition, a minor shoulder near 2θ ≈ 26.9◦ is
attributed to the illite (003) reflection, which partially overlaps with the intense quartz peak
at 26.6◦.

https://doi.org/10.3390/buildings16010020
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Figure 7. XRD pattern of clay soils.

Overall, the mineralogical composition of the clay is typical for ceramic raw materials
and is represented by quartz as the dominant phase and minor layered aluminosilicates.

Coal. The XRD pattern of the coal sample (Figure 8) is characterized by a broad diffuse
halo in the range of 20–30◦ 2θ, which is typical for amorphous carbonaceous materials.
This feature reflects the predominantly disordered structure of coal and the absence of
well-developed crystalline phases [43].

Only two weak yet distinguishable diffraction peaks are observed, corresponding
to pyrite (FeS2) [44]. These reflections appear at approximately 36–38◦ 2θ (210) and
46–48◦ 2θ (220), confirming the presence of minor crystalline sulfur–iron inclusions natu-
rally occurring in coal.

Figure 8. XRD pattern of coal.
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No additional crystalline phases are detected, which indicates that the coal used in
the ceramic mixture is largely amorphous and contributes mainly to the formation of a
carbonaceous background rather than to the development of mineral phases during firing.

The XRD pattern of the fly ash (Figure 9) shows the presence of quartz (SiO2), mag-
netite (Fe3O4), and hematite (Fe2O3), which are the typical crystalline phases found in
coal-derived fly ash. Quartz is identified by its characteristic reflections at 20.9◦ (100) and
26.6◦ (101), with a weaker reflection at 50.1◦ (112). Hematite is confirmed by the peaks at
33.2◦ (104), 35.6◦ (110), and 54.1◦ (116). Magnetite is clearly identified by the most intense
reflection at 43.1◦ (400), along with additional peaks at 30.1◦ (220), 35.4◦ (311), 57◦ (511),
and 62.5◦ (440).

The broad diffuse background in the 20–40◦ 2θ region indicates a substantial amount
of amorphous aluminosilicate phase, typical for fly ash produced during high-temperature
coal combustion. No other crystalline phases of notable intensity were detected.

Figure 9. XRD pattern of fly ash.

The X-Ray diffraction pattern of the cyclone dust (Figure 10) reveals the presence
of quartz (SiO2), hematite (Fe2O3) and magnetite (Fe3O4), which represent the major
crystalline phases typically found in high-temperature combustion residues [45]. The
dominant reflection at 26.6◦ 2θ (101) corresponds to quartz, accompanied by additional
peaks at 36.5◦ (110) and 50.1◦ (112). Iron-containing phases are identified by several
reflections: hematite shows characteristic peaks at 33◦ (104), 35.4◦ (110) and 49.5◦ (024),
while magnetite is confirmed by its intense reflection at 43.2◦ (400) together with a higher-
angle peak at 56.7◦ (511).

The broad background and multiple low-intensity features across the 20–90◦ range
indicate the presence of a significant amorphous aluminosilicate matrix, which is character-
istic of cyclone-derived mineral dust generated during high-temperature coal combustion.
No other crystalline phases of noticeable intensity were detected.

https://doi.org/10.3390/buildings16010020
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Figure 10. XRD pattern of cyclone dust.

Lead furnace. The X-Ray diffraction pattern of the lead furnace dust (Figure 11)
demonstrates a complex mineralogical composition characteristic of high-temperature
metallurgical off-gas residues. The most prominent peak at 29◦ 2θ corresponds to an-
glesite (PbSO4), which is a typical sulfation product formed during lead smelting. The
reflections of lead oxide (PbO) are identified at 36◦ (111) and 43◦ (200), confirming the
presence of oxidized Pb-containing phases. Iron-bearing components are represented by
both hematite (Fe2O3) and magnetite (Fe3O4). Hematite is detected by its characteristic
reflections at 33◦ (104) and 54◦ (116), whereas magnetite is evidenced by the intense peaks
near 43–44◦ (400) and 56.7◦ (511), along with the additional reflection at 62.5◦ (440).

Figure 11. XRD pattern of lead furnace dust.

The diffractogram also reveals crystalline quartz (SiO2) through its reflections at
20.8◦ (100), 26.6◦ (101) and 50.1◦ (112). The broad background and multiple overlapping
features across the 20–90◦ range indicate the presence of an amorphous aluminosilicate

https://doi.org/10.3390/buildings16010020
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matrix, which is typical for dust generated from high-temperature combustion and smelting
processes [46].

Overall, the phase composition of the lead furnace dust is dominated by PbSO4, PbO,
Fe2O3, Fe3O4, and SiO2, reflecting the oxidation–sulfation transformations occurring during
pyrometallurgical processing.

3.1.3. SEM Morphology and EDS Composition of Raw Clay

Figure 12 shows the SEM microstructure of the raw clay. The material consists of
irregularly shaped aluminosilicate particles of varying sizes with a characteristically rough
surface. The heterogeneous packing and angular grains indicate the presence of both fine
and coarse fractions, which is typical for natural clays and may influence plasticity and
densification during firing.

 

Figure 12. SEM micrograph and corresponding EDS elemental distribution maps of the raw
clay powder.

The corresponding EDS elemental maps confirm that the clay is dominated by Si, O,
and Al, forming a continuous aluminosilicate matrix likely associated with kaolinite–illite-
type minerals. Minor Na and K are uniformly distributed, suggesting the presence of alkali
feldspar or illitic components. Ca appears in localized domains, presumably originating
from carbonate or Ca–silicate phases. Fe-rich inclusions are visible as bright BSE spots
and indicate small oxide or Fe–silicate particles. Carbon is detected in scattered areas,
associated with organic residues or carbonate-containing grains. Mg occurs at low levels
and is present within both the matrix and isolated particles. The quantitative elemental
composition of the raw clay powder is summarized in Table 2.

Table 2. Elemental composition (wt.%) of the raw clay powder determined by EDS analysis.

Element C O Na Mg Al Si K Ca Fe

wt.% 14.8 46.73 1.17 1.67 6.66 19.27 1.86 4.32 3.53

In summary, SEM/EDS results show that the raw clay is a heterogeneous multicompo-
nent aluminosilicate system containing alkali, alkaline-earth, and iron-bearing inclusions,
which will influence particle packing and microstructure development during sintering.

https://doi.org/10.3390/buildings16010020
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3.2. Characterization of Sintered Ceramics

Figure 13 presents the FTIR spectra of bricks containing 20–25 wt.% lead furnace dust
and cyclone dust (P-3). All samples retain the characteristic silicate absorption features,
indicating the preservation of the aluminosilicate framework after firing.

Figure 13. FTIR spectra of bricks with additions of lead furnace dust and cyclone dust.

The broad band at 3430–3450 cm−1 corresponds to O–H stretching of hydroxyl groups
and weakly bound water [17], while the signal near 1640 cm−1 (H–O–H bending) further
confirms structurally retained moisture [47]. In samples with 25 wt.% residue, a weak
band at ~2920 cm−1 appears, associated with C–H stretching from residual carbonaceous
fragments [15].

A distinct absorption at ~1430 cm−1—especially pronounced in cyclone-dust bricks—
corresponds to the C–O stretching vibration of CO3

2− groups originating from CaCO3/MgCO3

or from incomplete carbonate decomposition during firing [48]. The dominant band in the
1080–1000 cm−1 range corresponds to asymmetric Si–O–Si and Si–O–Al stretching vibrations,
characteristic of quartz, kaolinite derivatives, and amorphous silica [49]. Bricks containing
lead furnace dust show slightly reduced intensity in this region, suggesting increased porosity
and a higher degree of amorphization.

Bands at 780–800 cm−1 arise from symmetric Si–O–Si stretching in crystalline quartz,
while the feature near 550 cm−1 is attributed to Al–O–Si bending vibrations in mullite-
bearing aluminosilicate phases [17].

In general, the FTIR spectra demonstrate that the fundamental aluminosilicate struc-
ture is retained in all formulations, while the decrease in band intensities with increasing
dust content suggests intensified amorphous-phase development, particularly in cyclone-
dust-modified bricks.

3.2.1. Thermogravimetric Analysis (TGA) of Fired Samples

Thermogravimetric analysis of the fired bricks (Figure 14) reveals a three-stage mass-
loss pattern typical for clay-based ceramics modified with industrial residues.

https://doi.org/10.3390/buildings16010020
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Figure 14. Thermogravimetric curves of brick samples with additions of lead furnace dust and
cyclone dust.

In the first stage (up to ~200 ◦C), a slight mass decrease corresponds to the removal
of adsorbed and physically bound water [50]. This effect is slightly more pronounced in
samples containing cyclone dust, consistent with its higher hygroscopicity.

The second stage (200–600 ◦C) is associated with the dehydroxylation of kaolinite–illite
minerals and the oxidation of residual organic fragments originating from the coal addi-
tive [14,51]. Bricks containing higher proportions of metallurgical dust show a somewhat
broader mass-loss interval, reflecting the presence of minor volatile oxide species.

The DTG peak corresponding to carbonate decomposition appears within the typ-
ical 520–800 ◦C range, which agrees with literature data [52]. This interval reflects the
release of CO2 during CaCO3 → CaO transformation and the high-temperature structural
rearrangements of the silicate matrix.

At 1000 ◦C, the residual mass of all samples remains within 85–90%, which is consistent
with the thermal behavior of clay-based ceramics containing fly ash and metallurgical
residues [6]. Bricks incorporating cyclone dust show slightly higher thermal stability,
reflected by a smoother mass-retention profile in the high-temperature region.

3.2.2. X-Ray Diffraction (XRD) of Sintered Ceramics

Figure 15 shows the XRD patterns of the fired bricks incorporating 20 and 25 wt.%
cyclone dust. The dominant crystalline phases in both samples are quartz (SiO2), mullite
(3Al2O3·2SiO2), and iron oxides (Fe2O3 and Fe3O4). Quartz is represented by its character-
istic (101) and (102) reflections, while iron oxides are identified through Fe3O4 (400), (511),
(440) and Fe2O3 (104), (110), (024) peaks.

A clear difference between the samples is observed in the intensity of the mullite
reflections. The brick with 25 wt.% cyclone dust exhibits significantly stronger mullite
peaks near 28◦, 38◦, 47.5◦ and 60◦ 2θ, whereas the 20 wt.% sample shows only weak or
suppressed signals. The enhanced mullitisation at higher dust loading is associated with
the presence of Fe2O3, Fe3O4, CaO, MgO and alkali oxides in the cyclone dust, which act
as fluxing agents, reduce melt viscosity, accelerate Al–Si structural rearrangement and
promote the nucleation and growth of mullite crystallites.

In contrast, the brick with 20 wt.% dust retains a higher amount of amorphous glassy
phase, which limits mullite crystallisation and decreases peak intensity. The slightly

https://doi.org/10.3390/buildings16010020

https://doi.org/10.3390/buildings16010020


Buildings 2026, 16, 20 15 of 20

stronger Fe-oxide reflections in the 25 wt.% sample further indicate enhanced participation
of iron-containing species in melt–crystal transformation processes during firing.

Figure 15. X-Ray diffraction patterns of ceramic bricks containing 20 and 25 wt.% cyclone dust.

Figure 16 shows the XRD patterns of bricks containing 20 and 25 wt.% lead furnace
dust. Quartz (SiO2) remains the major crystalline phase in both compositions, while
the reflections of magnetite (Fe3O4) and hematite (Fe2O3) become more pronounced with
increasing dust content, reflecting the higher concentration of Fe-bearing species introduced
with the waste material. Mullite (3Al2O3·2SiO2) is present in both samples, although its
relative intensity decreases at 25 wt.% lead furnace dust, suggesting partial suppression of
aluminosilicate crystallisation due to fluxing effects of Pb-containing oxides.

Figure 16. X-Ray diffraction patterns of ceramic bricks containing 20 and 25 wt.% lead furnace dust.
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A distinct peak near 44.7◦ 2θ in the 20 wt.% sample indicates the formation of Pb–Si–O
phases originating from the interaction of PbO with amorphous silica. The higher-residue
sample (25 wt.%) exhibits a broader amorphous halo and reduced intensity of crystalline
reflections, consistent with the development of a more extensive silicate–oxide glassy matrix
incorporating Pb- and Fe-bearing species.

Overall, the XRD patterns demonstrate that increasing the content of lead furnace
dust enhances amorphisation, modifies the balance between mullite and iron oxides, and
promotes the formation of Pb-containing silicate networks within the ceramic matrix.

3.3. Physico-Mechanical and Durability Properties

The compressive strength of the bricks ranged from 1.6 to 3.1 MPa. The reduced
strength is associated with the elevated porosity formed during firing in the presence
of metallurgical residues. The highest values were obtained for bricks with 20 wt.%
lead furnace dust and 20 wt.% cyclone dust, whereas increasing the additive content to
25 wt.% resulted in a noticeable strength reduction, reflecting the detrimental influence
of excess residue-derived particles on structural integrity (see Figure 17). Therefore, the
developed bricks can be used only for non-load-bearing or insulating applications where
high mechanical strength is not required.

Figure 17. Compressive strength and water absorption of ceramic bricks containing different amounts
and types of metallurgical dust additives.

Water absorption values (32.5–36.1%) substantially exceeded the typical limit for con-
struction ceramics (<6%), indicating a highly porous microstructure. The lowest absorption
was measured for the 20 wt.% lead furnace dust sample, while the highest value occurred at
25 wt.% addition. Despite differences in composition, all bricks exhibited high permeability
and limited water resistance.

Strength–Porosity Relationship. The decrease in compressive strength with increasing
dust content follows the classical Ryshkewitch–Duckworth relationship between strength
and porosity:

σ = σ0e−bP

where σ is the measured compressive strength, σ0 is the theoretical strength at zero porosity,
P is porosity, and b is a structural coefficient describing microstructural discontinuity.
Although the parameters of the equation were not determined experimentally, the model
explains the observed trend: intensive gas release and pore formation in the 25 wt.%
samples increase the effective pore volume, resulting in an exponential reduction in strength.
This behavior is consistent with the microstructural features identified by XRD, FTIR,
and TGA.
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The combined results for compressive strength, water absorption, frost resistance, and
heavy-metal leaching are summarized in Table 3.

Table 3. Compressive strength, water absorption, frost resistance, and heavy-metal leaching (Pb, Zn)
of ceramic bricks containing metallurgical dust additives.

Brick Type Compressive
Strength, MPa

Water
Absorption,
%

Frost Resistance, Cycles Pb
(mg/L)

Zn
(mg/L)

Lead furnace dust 20% 3.12 32.49 15 cycles (higher structural stability) 0.12 0.30

Lead furnace dust 25% 1.60 36.11 15 cycles (lower durability due to
higher porosity) 0.20 0.45

Cyclone dust 20% 2.61 34.72 15 cycles (good stability associated
with higher density) 0.08 0.25

Cyclone dust 25% 1.61 34.10 15 cycles (limited resistance due to
reduced strength) 0.15 0.40

Regulatory limits (TCLP/EN 12457 [31,32]): Pb—5 mg/L; Zn—10 mg/L.

All samples completed 15 freeze–thaw cycles; however, their actual frost resistance
varied due to differences in porosity and densification. The denser 20 wt.% dust samples
remained stable after testing, whereas the 25 wt.% compositions exhibited a less uniform
structure formed during sintering. These differences arise from intensive gas release during
carbon burnout and carbonate decomposition, incomplete densification at 1000 ◦C, and
the presence of low-melting Pb-bearing oxides that promote pore coalescence. Therefore,
the freeze–thaw results should be interpreted with caution, as high porosity may reduce
long-term durability under cyclic freezing.

Improving resistance may involve pre-calcination of metallurgical residues, optimiza-
tion of the heating schedule (particularly slower heating in the 200–600 ◦C range), and the
use of minor plasticizing additives. The increased amorphous content observed by XRD
correlates with reduced strength and water resistance, confirming that pore formation and
partial glass-phase development weaken the ceramic matrix.

In addition to physico-mechanical performance, the environmental stability of the
bricks was assessed through Pb and Zn leaching tests (Table 3). Pb concentrations ranged
from 0.08 to 0.20 mg/L, and Zn from 0.25 to 0.45 mg/L, all of which are significantly
below international limits (5 mg/L for Pb and 10 mg/L for Zn). Even at 25 wt.% residue
content, heavy-metal mobility remained low, indicating effective immobilization of Pb
and Zn within the ceramic matrix. These results show that the developed compositions
combine acceptable mechanical behavior with high environmental durability, supporting
their potential use in safe construction applications.

In summary, the reduced compressive strength and elevated water absorption arise
from insufficient densification and the predominance of an amorphous Fe–Pb–Zn–Si–O
phase. At higher dust contents, fluxing oxides disrupt the formation of a coherent alumi-
nosilicate framework and suppress mullite crystallization, generating interconnected poros-
ity and weak interparticle bonding. Nonetheless, such microstructures may be beneficial for
lightweight insulating materials and contribute to stable incorporation of Pb–Zn-containing
residues within the glassy matrix.

4. Conclusions
This study demonstrated how the incorporation of Pb–Zn metallurgical residues

(lead furnace dust and cyclone dust), fly ash, and carbonaceous additives affects phase
evolution, microstructure, mechanical behavior, and environmental stability of ceramic
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bricks fired at 1000 ◦C. A correlated FTIR–TGA–XRD approach clarified the sequence of
structural transformations during sintering. XRD analysis confirmed the formation of
quartz, mullite, hematite, magnetite, and a pronounced amorphous Fe–Pb–Zn–Si–O glassy
network, especially at 25 wt.% residue content. Higher dust amounts reduced mullite
crystallization, increased melt fluidity due to fluxing oxides (PbO, Fe2O3, CaO, MgO), and
promoted interconnected porosity. These microstructural changes explain the decreased
compressive strength (1.6–3.1 MPa) and high water absorption (32–36%), as well as the
variability observed in freeze–thaw behavior.

Environmental safety was evaluated using atomic absorption spectroscopy (AAS). All
brick compositions showed very low Pb (0.08–0.20 mg/L) and Zn (0.25–0.45 mg/L) leaching
values, remaining far below international regulatory limits (Pb < 5 mg/L, Zn < 10 mg/L).
These findings confirm effective immobilization of heavy-metal ions within the amorphous
silicate matrix, even at higher dust contents.

Overall, the results demonstrate that multi-waste additives can be successfully in-
tegrated into clay-based ceramics, providing a viable pathway for the safe recycling of
Pb–Zn industrial residues. While high porosity limits their use to non-load-bearing applica-
tions, the developed materials offer environmental benefits, resource conservation through
reduced clay consumption, and stable immobilization of hazardous metals.
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