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ABSTRACT — With the increase in environmental awareness, it is seen that there are two focusing methods in
industrial production. Therefore, the usability of one sector's waste as a potential raw material for another
sector can play an important role in terms of energy and cost.

In the study, zirconia nozzles, used in the iron and steel industry, are consumed quickly. It is aimed at finding a
solution to the accumulation of waste formed by the end of service life of them.

In the first part of the study, it was investigated the integrating waste zirconia nozzles from the Bilecik Iron and
Steel Company (Bilecik, Turkey) into the production of ceramic floor tiles. After processing and firing in an
industrial kiln, the formulated recipes are subjected to comprehensive physical and mechanical evaluations
[19]. In the second part of the study, to aim for zero waste, existing waste was evaluated in the production of
refractory bricks, and the use of alternative resources to zirconia, an expensive raw material, was examined. It
showed the potential of waste zirconium nozzles as a sustainable alternative in ceramic tile/refractory
production. It demonstrates its feasibility in reducing waste generation, lowering production costs, and
promoting environmentally sound practices without compromising.
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INTRODUCTION

The iron and steel industry represents a strategically significant sector with
substantial global production capacity [1]. However, its production processes inherently
generate various waste materials, the complete elimination of which remains a
considerable challenge. While waste management efforts predominantly focus on
minimizing waste generation within a given sector, the cross-sectoral utilization of
industrial by-products has gained prominence as a sustainable alternative. The ceramic
industry not only produces waste during its own manufacturing processes but also
presents a viable avenue for the valorization of waste materials originating from different
industries. Numerous studies in literature have explored the incorporation of industrial
waste into ceramic-based applications, including ceramic tiles, sanitaryware, and
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refractory materials. Notably, integrating industrial by-products into ceramic tile
formulations has emerged as an effective and environmentally sustainable strategy for
waste reduction [2]. Several studies have investigated the utilization of diverse industrial
residues in ceramic tile production, including granite waste [3], glass shards [4], various
slags [5-7], boron-related residues [8], waste clay [9], and different types of ashes [6, 10].
These research efforts highlight the potential of industrial waste repurpose within the
ceramic sector, contributing to both environmental sustainability and resource
efficiency.

In response to growing ecological concerns, research within the refractory sector, a
subset of the broader ceramic industry, has increasingly focused on minimizing the
reliance on virgin raw materials and reducing production costs, thereby promoting more
sustainable practices. Ghonaim et al. [11] conducted a study on the preparation of
traditional refractory concrete, incorporating 50% alumina grog or bauxite as key
components. Similarly, Khalil et al. [12] investigated the production of mullite-based
refractories using a composition of 40% recycled alumina-silicate waste and 60% bauxite,
which was subsequently sintered through pressing at 1600°C. Their findings indicated
significant improvements in the physical properties of the resulting materials.
Furthermore, Mazzanti et al. [13] analyzed the mechanical and thermal performance of
refractories by incorporating ceramic waste derived from alumina silicate. Their study
demonstrated that the inclusion of ceramic waste effectively enhanced the modulus of
rupture (MOR), thermal shock resistance, phase composition, and microstructural
characteristics from ambient temperature up to 1500°C. Notably, their results indicated
that refractory compositions containing 20% ceramic waste exhibited comparable
performance to those produced using untreated alumina-silicate materials, underscoring
the potential of recycled ceramic waste in refractory applications.

The utilization of high-temperature-resistant materials is crucial in the iron and steel
industry, particularly for applications requiring durability under extreme thermal and
chemical conditions. In this regard, zirconia (ZrO,) nozzles are extensively employed for
regulating liquid metal flow due to their exceptional thermal resistance and chemical
stability. These ceramic nozzles are widely used across various industrial sectors and can
be manufactured through different advanced fabrication techniques, including additive
manufacturing and direct ink writing [14]. The production process typically begins with
high-purity zirconia powder, which is shaped into the desired nozzle form and
subsequently subjected to high-temperature sintering to attain the necessary
mechanical and thermal properties [15]. One of the most significant applications of
zirconia nozzles is in the continuous casting of steel, where they serve as critical
components in tundish refractory systems, ensuring controlled metal flow and
operational efficiency [16, 17].

In the iron and steel industry, molten metal is transported using ladles and subjected
to various metallurgical treatments at different processing stations, such as ladle
furnaces and converters. Following these processes, the liquid metal is transferred to the
continuous casting system, where it is shaped into semi-finished or finished products.
During this stage, the molten metal passes through a tundish and is subsequently
directed into open-bottomed copper molds. Precise control of metal flow from the
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tundish to the mold is critical for regulating casting speed, optimizing production
planning, and ensuring product quality. To achieve this, flow control systems are installed
beneath the tundish, consisting of a fixed zirconia nozzle and a replaceable zirconia
nozzle. These nozzles are periodically replaced through a waste removal and disposal
system to maintain production efficiency in accordance with operational parameters
[18].

Despite their widespread application, limited research has focused on the reuse of
zirconia nozzle waste generated in steel production facilities. However, some studies
have investigated the potential of repurposing this waste as a zircon substitute in ceramic
applications, such as wall tile glazes and ceramic tile formulations [18, 19].

In this study, the reuse potential of zirconia-based nozzle materials, which serve as
pouring outlets in crucibles within the iron and steel industry, was investigated. These
nozzle components become inoperative after casting due to wear-induced deformation
and thermal expansion. Currently, they are not recyclable within the iron and steel sector
and are instead disposed of as industrial waste. However, given their high zirconia
content, these materials present a promising opportunity for repurposing in both the
ceramic tile and refractory industries. The potential applications of these waste materials
include enhancing surface whiteness in ceramic tile formulations and serving as raw
materials for the production of alumina-zirconia refractory components. To explore
these possibilities, experimental studies were conducted to assess the feasibility of
incorporating waste zirconia nozzles into ceramic and refractory applications, thereby
contributing to resource efficiency and sustainable waste management.

MATERIALS AND METHODS

The waste zirconia nozzles (WZ) utilized in this study were obtained from Bilecik Iron
and Steel Company (Bilecik, Turkey) and subjected to a purification process to eliminate
any residual iron components. This was achieved through the precise removal of iron
fragments using a diamond cutter, ensuring the purity of the base material. Following
mechanical separation, the purified WZ underwent further processing, wherein they
were crushed using a jaw crusher to reduce their particle size. The complete preparation
procedure for the waste zirconia nozzles is illustrated in Figure 1.

Subsequent chemical characterization of WZ was performed using X-ray fluorescence
(XRF) spectroscopy (Rigaku ZSX Primus model), and the results are presented in Table 1.
Additionally, the crystalline phase composition of WZ was analysed through X-ray
diffraction (XRD) using a Rigaku Miniflex 600 series diffractometer. The analysis was
conducted over a 20 range of 5° to 70° at a scanning speed of 2°/min, employing Cu Ka
radiation at 40 kV and 30 mA. The results, depicted in Figure 2, confirmed the presence
of both baddeleyite (ZrO,) and hafnium dioxide (HfO,) phases in the WZ samples.

This study is structured in two parts, each focusing on the valorization of waste
zirconia nozzles (WZ) in different industrial applications. The first part, which has already
been published, investigated the use of WZ in ceramic tile production. This phase
involved a comprehensive experimental analysis, including a comparative evaluation of
the color properties of standard zirconium raw materials and waste zirconium. The
results demonstrated that replacing 2% by weight of conventional zircon raw materials
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with WZ in white ceramic floor tile bodies led to improvements in both body whiteness
and firing strength [19].
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Figure 1 The preparation of zirconia nozzles for applications [19]

Table 1 The chemical analysis of WZ (wt.%)
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Figure 2 XRD phases of the WZ (b: baddeleyite, h: HfO,) [19]

Building upon these findings, the present study focuses on the second part, which
explores the potential utilization of WZ in refractory applications. While the first part
established the feasibility of WZ in the ceramic sector, this study extends the research by
investigating its suitability for the refractory industry. By addressing both ceramic and
refractory applications, the overall research aims to contribute to a more comprehensive
waste management strategy, promoting circular economy principles in industrial
processes.

In the second phase of the study, the waste zirconia nozzles (WZ) were ground to a
particle size of less than 100 um using a ball mill and subsequently incorporated into
refractory formulations. The ground WZ was blended with zircon silicate brick raw
material at varying proportions of 0%, 10%, 20%, and 30% by mass. Calcium aluminate
cement and organic binders were added to the mixture to enhance its binding properties
and workability. The consistency of the mixture was adjusted to ensure suitability for the
shaping process.

To form test specimens, the prepared mixture was subjected to uniaxial pressing at a
pressure of 50 MPa, resulting in cylindrical and prismatic samples. These pressed
specimens were initially dried in a low-temperature oven at 110°C to remove residual
moisture. Subsequently, they underwent a sintering process at 1550°C for 2 hours to
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achieve the desired phase development and densification. The raw materials and their
respective proportions used in the refractory formulations are presented in Table 2.

Table 2 Refractory samples and codes

Samples Cement Organic binder wz
(wt.%) (wt.%) (wt.%)
RO 15 3.0 0
R10 15 3.0 10
R20 15 3.0 20
R30 15 3.0 30

RESULTS AND DISCUSSION

The physical and mechanical properties of the refractory samples incorporating
waste zirconia nozzles (WZ) were evaluated by analyzing porosity, density, and flexural
strength to assess their overall performance. An image of the prepared refractory
samples is presented in Figure 3, while the detailed performance results are summarized
in Table 3 and Figure 4.

Figure 3 Fired refractory samples

The findings indicate that increasing the WZ content up to 30% results in a notable
enhancement in both density and mechanical strength, accompanied by a reduction in
porosity. This trend suggests that the incorporation of WZ improves the packing
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efficiency of the refractory mixture, thereby minimizing void spaces and promoting a
denser microstructure. The highest flexural strength and density values were recorded
at 30% WZ addition, highlighting the positive impact of WZ on the overall refractory
properties. Additionally, the observed decrease in porosity further supports the
enhanced sintering behavior and structural integrity of the samples, reinforcing the
potential of WZ as a valuable additive for optimizing refractory performance.

Table 3 The properties of the prepared refractory samples.

Waste ratio Flexural strength Porosity Density
(wt.%) (MPa) (%) (gr/cm3)
RO 30 18 2.80
R10 32 16 2.85
R20 32 16 2.90
R30 37 12 2.95
20 3
18
_ 16 2.95
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Figure 4 Changing of porosity and density related with amount of Zirconia Waste
amount (%W2Z2)

This study explored the potential reutilization of waste zirconia nozzles (WZ) in both
ceramic tile production and refractory applications, demonstrating their effectiveness in
enhancing material properties while contributing to sustainable waste management.

In the first phase of the study, experimental analyses indicated that incorporating
2%wt. WZ into ceramic floor tile formulations improved both body whiteness and firing
strength. These findings suggest that WZ can be effectively utilized as a substitute for
conventional zircon raw materials in ceramic tile production without compromising
product quality [19].

In the second phase, WZ was ground and integrated into zircon silicate refractory
mixtures at varying proportions (as in wt. 0%, 10%, 20%, and 30%). The performance
evaluation of the refractory samples revealed that increasing WZ content led to
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enhanced density and mechanical strength while simultaneously reducing porosity.
Notably, the highest flexural strength and density values were achieved at a 30% WZ
addition, indicating improved structural integrity and optimized sintering behavior.
These results underscore the potential of WZ as a valuable additive in refractory
manufacturing.

Overall, the study confirms that waste zirconia nozzles can be successfully
repurposed in both ceramic tile and refractory industries. Their incorporation not only
enhances material performance but also supports resource efficiency and sustainable
manufacturing practices, thereby contributing to the circular economy in industrial
processes.

CONCLUSION

This study explored the potential reutilization of waste zirconia nozzles (WZ) in both
ceramic tile production and refractory applications, demonstrating their effectiveness in
enhancing material properties while contributing to sustainable waste management.

In the first phase of the study, experimental analyses indicated that incorporating
2%wt. WZ into ceramic floor tile formulations improved both body whiteness and firing
strength. These findings suggest that WZ can be effectively utilized as a substitute for
conventional zircon raw materials in ceramic tile production without compromising
product quality.

In the second phase, WZ was ground and integrated into zircon silicate refractory
mixtures at varying proportions (0%, 10%, 20%, and 30%). The performance evaluation
of the refractory samples revealed that increasing WZ content led to enhanced density
and mechanical strength while simultaneously reducing porosity. Notably, the highest
flexural strength and density values were achieved at a 30% WZ addition, indicating
improved structural integrity and optimized sintering behavior. These results underscore
the potential of WZ as a valuable additive in refractory manufacturing.

Overall, the study confirms that waste zirconia nozzles can be successfully
repurposed in both ceramic tile and refractory industries. Their incorporation not only
enhances material performance but also supports resource efficiency and sustainable
manufacturing practices, thereby contributing to the circular economy in industrial
processes.
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