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Abstract 

The high-speed growth of high-temperature industries has resulted in an increase in the 
generation of waste refractories (WRs) whose resource consumption is a significant con-
cern towards low-carbon targets and the circular economy. This review thoroughly ana-
lyzes the mechanisms of physical failure, such as thermal shock and mechanical stress, 
and chemical failure, including oxidation, erosion, and permeation. Such processes cause 
compositional complexity and structural degradation, which are the main barriers to re-
cycling. The review discusses the classification-based recycling approaches, including 
closed-loop recycling, which reprocesses waste into shaped or unshaped refractories 
through particle-size optimization and binder modification, and open-loop recycling, 
which converts waste into metallurgical or chemical feedstocks, construction materials, 
and functional ceramics or thermal storage media. Combining failure mechanisms with 
regeneration pathways, this review proposes innovative strategies for high-value recy-
cling, offering systematic direction to the green transformation and sustainable use of re-
sources in high-temperature industries. 

Keywords: waste refractories; resource utilization; circular economy; failure mechanisms; 
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1. Introduction 
Due to their exceptional thermal shock resistance and physical and chemical stability, 

refractories have become indispensable functional materials in high-temperature indus-
trial sectors such as iron and steel metallurgy, cement production, non-ferrous metallurgy, 
glass manufacturing, and petrochemical processing [1–3]. With the continuous growth of 
global industrial capacity and accelerated upgrades of thermal processing equipment, the 
demand for and consumption of refractories have steadily increased. Because of their rel-
atively short service life, substantial quantities of waste refractories (WRs) are generated 
annually [4]. 

Approximately 28 million tons of waste refractories are produced globally each year 
[5]. As the world’s largest producer and consumer of refractories, China accounts for 
about 30% of this global WR volume. Figure 1 illustrates the comparative trends in global 
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and Chinese WR generation from 2016 to 2025 [5–8]. For 2020–2025, global waste-refrac-
tory generation was estimated by multiplying the corresponding refractory-consumption 
values by 0.65, representing the midpoint of the 60–70% fraction remaining after the re-
ported 30–40 wt.% in-service consumption [5]. The Chinese estimates were calculated by 
multiplying the annual refractory production data by a constant factor of 0.35. The under-
lying production data for 2016–2018, 2019–2023, and 2024–2025 were obtained from Zeng 
[6–8], respectively. The same factor of 0.35 was consistently applied to the production data 
from all three sources. These values are indicative estimates rather than directly measured 
annual waste-generation statistics. It can be observed that global waste volumes fluctuate 
at a high level between 23 and 29 million tons, while China’s annual waste remains stable 
between 6 and 9 million tons. However, the overall recycling rate of WR in China is esti-
mated at 30%, while Japan, South Korea, and some European countries have achieved 
recycling rates of 70–90% [5]. 

 

Figure 1. Comparison of waste-refractory generation quantity between China and the global total 
(2016–2025) [5–8]. 

Figure 2 complements Figure 1 by showing the regional ranges of the global total 
data. The combined output of steel ladles and cement rotary kilns in Europe generates 403 
kt of WR, of which 77.5 kt is recycled into new refractory production. Broader industry 
estimates are as follows: EUR, CIS and Turkey 1.11.8 Mt; North America 0.6–1.0 Mt; South 
America 0.19–0.32 Mt; China 6.0–9.0 Mt; India 0.64–1.0 Mt; Asia Pacific 0.89–1.5 Mt; West 
Asia and Africa 0.40–0.67 Mt [9,10]. This source also states that under current dismantling 
and processing conditions, approximately 50% of the WR can be reused in refractory pro-
duction. 

WRs typically consist of MgO, Al2O3, CaO, SiO2, and spinel-related phases, alongside 
impurities such as Fe2O3, alkali oxides, and residual slag components introduced during 
high-temperature service [4,5]. WRs exhibit high melting points, dense microstructures, 
and excellent chemical stability, which make them resistant to environmental degradation. 
Traditional disposal methods like landfilling and downgraded utilization not only occupy 
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valuable land resources but also pose long-term environmental risks, including dust emis-
sions and potential leaching of harmful elements [11]. Against the backdrop of global tran-
sitions toward carbon neutrality and resource-efficient manufacturing, the sustainable 
management and value-added processing of WRs are gaining increasing attention. 

 

Figure 2. Estimated yearly waste refractory generation. 

Compared with the mining and processing of primary mineral resources, recycling 
WRs significantly reduces energy consumption, greenhouse gas emissions, and depend-
ence on non-renewable raw materials [12,13]. Consequently, the circular utilization of dis-
carded refractories aligns closely with principles of the circular economy, industrial sym-
biosis, and globally promoted low-carbon manufacturing systems. 

To date, recycling strategies for WRs can be broadly categorized into four types based 
on processing depth. The first approach is direct utilization, which involves the reuse of 
suitable refractory materials with little or no additional processing [14]. For example, 
Muñoz et al. [15] reported the direct reuse of spent MgO-C refractory bricks in a Spanish 
steelworks. Second is the most widely applied primary utilization method, where sorted, 
crushed, and screened materials are blended into new products. Mangngi et al. [16] inves-
tigated the use of recycled refractory brick aggregates as partial replacements for natural 
coarse aggregates in concrete. Similarly, Pertiwi et al. [17] demonstrated the utilization of 
waste refractory brick aggregates as substitutes for natural sand in concrete paving blocks. 
To enhance recycled material quality, intermediate utilization methods further incorpo-
rate chemical purification or specialized processing to approximate primary material 
properties. The most advanced approach is high-level utilization, achieving high-value 
resource utilization through composition modification and cross-domain conversion [14]. 

Despite significant progress, recycling WRs still faces challenges, including compo-
sitional heterogeneity, impurity accumulation, energy-intensive processing, and the lack 
of standardized evaluation criteria for recycled products [11,18]. Therefore, systematically 
understanding recycling pathways, material transformation mechanisms, and application 
scenarios is crucial for advancing the utilization of WR from low-grade recycling toward 
high-value, functional, and closed-loop material cycles. 
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To promote the sustainable development of the steel and high-temperature indus-
tries, it is urgently necessary to achieve the efficient, economical, and clean recycling of 
WRs. Hence, this review first analyzes the fundamental causes of refractory failure during 
service and then summarizes WR recycling methods, including closed-loop regeneration 
into refractory products and open-loop conversion into other useful materials. 

2. Review Methodology 
The recycling of WR materials involves multiple aspects, including in-service failure 

mechanisms, recycling technology pathways, and the application of recycled materials. 
The current research is widely distributed across various fields such as materials science, 
metallurgical engineering, chemistry and circular economy. Furthermore, individual 
studies typically reflect only specific material systems, recycling processes, or application 
scenarios. Therefore, in order to enhance the comprehensiveness of the review, this study 
adopts a systematic literature review approach to develop a systematic understanding of 
WR materials. 

The literature search and study selection process followed a workflow based on the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines. This framework emphasizes the need to clearly define the scope of the search, sys-
tematically document the database search process, remove duplicate records, ensure 
transparency in the selection process, assess full-text compliance, and report the studies 
ultimately included in the analysis [19]. 

In this study, the scope of the review is limited to research on the characterization, 
treatment, recovery, and reuse of waste refractories. Relevant literature was retrieved 
from Web of Science and Scopus, covering the period from 2015 to 2026. Selected studies 
published before 2015 were additionally cited to provide historical context and illustrate 
early developments in refractory recycling. These earlier studies were not included in the 
formal study selection, bibliometric analysis, or systematic comparative assessment. The 
database-specific Boolean strings were as follows: Web of Science Core Collection, TS= 
((“waste refractory” OR “waste refractories” OR “spent refractory” OR “spent refracto-
ries”) AND (recycle OR recover OR recovery OR reuse OR regeneration OR valorization)); 
Scopus, TITLE-ABS-KEY ((“waste refractory” OR “waste refractories” OR “spent refrac-
tory” OR “spent refractories”) AND (recycle OR recover OR recovery OR reuse OR regen-
eration OR valorization)). All searches were conducted on 21 June 2026. A total of 289 
records were initially identified, including 203 from Web of Science and 86 from Scopus. 
After 75 duplicate records and three records unrelated to the processing and recycling of 
WRs were excluded, the remaining 211 records entered the screening stage. Subsequently, 
the full texts of 170 potentially relevant studies were evaluated based on predefined 
screening criteria, and 74 studies were ultimately included in this review. The complete 
research screening process is presented graphically as shown in Figure 3. 
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Figure 3. PRISMA 2020 flow diagram of the literature selection process. 

To elucidate the relationships among the research topics, a keyword co-occurrence 
analysis was conducted using VOS viewer version 1.6.21. The input dataset consisted of 
203 records retrieved from Web of Science and was used to illustrate the broader research 
topics and keyword associations related to waste refractories. The literature records were 
obtained from Web of Science and exported as text files. The analysis was based on both 
titles and keywords. Prior to analysis, keywords were standardized by merging synonyms, 
singular and plural forms, and abbreviations. The minimum occurrence threshold was set 
at five, resulting in a network containing 51 keywords. Keyword co-occurrence was ana-
lyzed using full counting, and the network was normalized using association strength. 

Figure 4 shows a co-occurrence analysis of keywords in the literature regarding the 
recycling of WRs. The bibliometric review shows that the concept of WR recycling has 
developed over time to become more than just a simple reuse of materials but rather var-
ious functional oriented approaches. 
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Figure 4. Keyword co-occurrence network map of research on waste refractories. 

3. Failure Mechanisms of Refractories 
Refractories can withstand high temperatures and retain their mechanical properties 

when exposed to corrosive liquids or gases. Understanding the failure mechanisms of re-
fractories is crucial for addressing the disposal of WR. 

3.1. Physical Failure 

Intense thermal and mechanical conditions during the service of refractories in high-
temperature kilns lead to physical failure. Refractories are an integral part of sustaining a 
thermal environment inside these kilns. This operation leads to the creation of large tem-
perature gradients in the material. The surface layer directly contacting the heat source is 
much hotter than the backing layer. The resultant thermal gradient produces unequal ex-
pansion of different material parts, which causes thermal stresses. Microcracks are initi-
ated and propagated when the mechanical performance limit of the material is exceeded, 
ultimately causing structural damage. 

The physical failure of refractories in high-temperature service environments usually 
occurs in three typical forms. 

Thermal shock: Due to abrupt changes in kiln temperature, significant thermal gra-
dients develop in the material, which leads to uneven thermal expansion of different sec-
tions and internal stresses [20]. When the stresses are greater than the material strength 
limit, microcracks grow and spread over each other, forming a network of through cracks. 

Mechanical stress: In operation, refractories are exposed to a variety of mechanical 
loads, such as impact forces caused by materials, static pressure caused by the masonry 
structure, scouring forces caused by gas flow or molten materials [21]. Working surface 
fragmentation, spalling, and wear are caused by external forces that exceed the material 
mechanical strength. 
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Structural evolution: Refractories experience additional sintering and densification, 
which results in reduced volume and increased brittleness. As the temperature reaches 
the refractoriness of the refractories, plastic deformation processes like softening and 
creep may take place. The high-temperature effects alter both microstructure and macro-
scopic properties of the refractories, leading to more rapid failure. 

All three types of physical failure contribute to weakening refractories, which leads 
to gradual degradation of their original intact form into a complicated system with nu-
merous cracks and non-uniform fragmentation. This not only reduces their service life but 
also poses significant challenges for subsequent recycling and reuse. 

3.2. Chemical Failure 

Chemical failure involves irreversible reactions between refractories and their service 
environment, including furnace slag, molten metal, dust, and exhaust gases. The final re-
sult is a radical change in the material composition, phase and structure, which results in 
serious impediments to recycling. These are some of the chemical failure reactions that 
may occur in refractories during service. 

(1) Oxidation reactions 

The components in the refractories may undergo oxidation reactions. As an illustra-
tion, carbon-containing refractories (carbon bricks or silicon carbide bricks) can react with 
O2 to produce CO or CO2 (Equations (1) and (2)). In carbon-containing materials, carbon 
consumption and the release of gaseous products can increase porosity, reduce bulk den-
sity, and weaken the refractory structure. These changes may compromise mechanical in-
tegrity and increase material losses during subsequent crushing, sorting, and recycling. 
The effects of SiC oxidation on the microstructure and performance, however, depend on 
whether the resulting silica-rich layer provides protection or contributes to further degra-
dation. C + Oଶ → COଶ (1)SiC + 2Oଶ → SiOଶ + COଶ (2)

(2) Corrosion reactions 

When refractories come into contact with molten metal or slag, corrosion reactions 
may occur. These reactions typically happen at high temperatures, where components 
within the refractory react with the molten material to form new phases or dissolve into 
the melt. This renders mechanical separation nearly ineffective and significantly increases 
the difficulty of purification and homogenization. For example, reactions between alu-
mina–carbon refractories and iron-containing species in molten steel can cause corrosion 
and structural damage (Equations (3) and (4)). AlଶOଷ + FeO → FeAlଶOସ (3)SiOଶ + CaO → CaSiOଷ (4)

(3) Permeation and diffusion reactions 

Elements from molten slags or metals may infiltrate the pore network of refractories 
and diffuse into their constituent phases. For example, iron-bearing species in a slag may 
enter a magnesium aluminate spinel-containing refractory and alter its local phase com-
position. Under suitable chemical conditions, FeO may react with MgAl2O4 to form 
FeAl2O4 (hercynite) and MgO (Equation (5)). Such compositional changes may modify the 
local microstructure and thermomechanical properties of the refractory. The extent of this 
transformation depends on the slag composition, temperature, and oxygen potential. 
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MgAlଶOସ + FeO → FeAlଶOସ + MgO (5)

(4) Carbonization and nitriding reactions 

Under suitable high-temperature and reducing conditions, oxide constituents in re-
fractories may undergo carbothermal reduction or carbothermal reduction nitridation. 
For example, silica may react with carbon to form silicon carbide, whereas alumina may 
react with carbon in the presence of nitrogen to form aluminum nitride. These reactions 
require appropriate temperature and gas-composition conditions and should not be as-
sumed to occur in all refractory systems. When they occur, the formation of carbide or 
nitride phases may alter the phase assemblage, pore structure, and mechanical properties 
of the material (Equations (6) and (7)). SiOଶ + 3C → SiC + 2CO (6)AlଶOଷ + Nଶ + 3C → 2AlN + 3CO (7)

(5) Reduction reactions 

Under reducing atmospheres, oxides within refractories may be reduced to metals or 
other lower-valent oxides. For example, iron oxide may be reduced to metallic iron, lead-
ing to phase composition and structural stability changes (Equation (8)). FeଶOଷ + 3C → 2Fe + 3CO (8)

(6) Crystallization temperature and melting point reduction 

Refractories undergo crystalline phase transformations at high temperatures or react 
with molten substances to form low-melting-point compounds, reducing their molten cor-
rosion resistance. For example, silicate refractories react with alkali metal oxides to form 
low-melting-point silicate compounds (Equation (9)). 2NaଶO +  SiOଶ → NaସSiOସ (9)

Sodium-containing substances can cause substantial degradation of high-chromia re-
fractories. The severity order of liquid-phase corrosion is L-NaCl > L-NaOH > L-Na2SO4 > 
L-Na2CO3 > L-NaAc, while the impact order of gas-phase corrosion is G-Na2CO3 > G-
Na2SO4 > G-NaOH > G-NaAc > G-NaCl. It is worth noting that organic sodium (NaAc) 
significantly contributes to the formation of protective spinel layers, while water-soluble 
sodium (especially Na2CO3 and Na2SO4) causes deep penetration and corrosion of refrac-
tories [22]. 

Zhou et al. [23] studied the degradation mechanism of the magnesia–magnesium alu-
minate used in the transition zone of cement rotary kilns and discovered how the com-
bined effects of physical and chemical failures worsen recycling difficulties. Their analysis 
indicates that the permeation of alkaline components (K2O, Cl) initiates chemical erosion, 
forming compounds such as potassium chloride (KCl) within the brick structure. More 
critically, the study revealed how chemical erosion and physical stress mutually aggravate, 
ultimately leading to structural failure: on one hand, infiltrated alkaline components react 
with cement clinker and spinel phases to form liquid phases, causing densification of the 
reaction layer and altering its thermophysical properties; on the other hand, under the 
alternating thermal field induced by kiln rotation, these chemical erosion products inter-
act with thermomechanical stresses, dramatically accelerating crack propagation and ul-
timately triggering structural spalling. Gao et al. [24] discovered through numerical sim-
ulation analysis that the degradation of high-chromium refractory bricks is mainly due to 
structural peeling induced by the slag corrosion and thermal stress produced by temper-
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ature gradients. The stress cracks generated at the corrosion interface provide a permea-
tion path for the slag and act as a subsurface for further corrosion, resulting in additional 
corrosion and peeling. Phosphate addition promoted the formation of a CaO-Na2O-P2O5-
rich liquid phase, increasing slag viscosity and improving the resistance of refractories to 
infiltration by low-Na2O slags (≤10%) [25]. 

The reaction between slag and refractories can be divided into an infiltration zone 
and a reaction zone. The Fe and Mg in the slag diffuse into the reaction layer of the refrac-
tories. With the capillary infiltration of molten slag, the amount of Si, Ca, and Al increases, 
which increases the corrosion area and forms a permeable layer. However, a denser struc-
ture can be observed in the reaction layer than in the permeable layer, mainly due to the 
reaction between the molten slag and the original refractory material [26]. 

Belgacem et al. [27] believe that testing WRs can provide crucial insights for predict-
ing refractory failure behavior. They studied refractories from a cement rotary kiln with a 
processing capacity of 4000 t/day that had been in operation for 40 days. Samples were 
collected from the heated zone located 3.6 to 15 m from the kiln exterior, with lengths of 
125.2 mm and 84.2 mm, respectively. Their study revealed that used refractories exhibited 
chemical composition variations across different regions compared with new bricks. Used 
bricks showed slight increases in CaO and SiO2 content, with trace amounts of sulfur and 
potassium present on the heated surface and the interface exposed to high-temperature 
cement clinker. The refractory zones in direct contact with the cement clinker melt exhib-
ited entirely different phases compared with the original bricks (mainly MgAl2O4). They 
were phases formed by binary systems (CaO-Al2O3), ternary systems (CaO-Al2O3-SiO2), 
and CaO-MgO-SiO2, mostly made up of calcium aluminate. 

Refractory corrosion by “liquid” silicates was closely correlated with variations in 
composition, viscosity, time, temperature, and system atmosphere [27]. The presence of 
molten salts and mineralized cations enhances fluidity while simultaneously influencing 
reaction kinetics and stability by generating eutectic phase points. This leads to the phe-
nomenon of liquid phase permeating through the open pores of refractories. Under these 
conditions, corrosive liquid phases containing calcium, aluminum, and silicon can perme-
ate into refractory bricks, leading to their chemical failure. The corrosion reaction of mag-
nesium aluminum spinel primarily occurs between 1000 and 1350 °C, as detailed in the 
following reaction [24]: MgAlଶOସ +  CaO · SiOଶ → CaAlଶOସ + MgSiOଷ (10)

3.3. The Resulting Challenges for Recycling Technology 

Physical and chemical failure mechanisms not only shorten the service life of refrac-
tories but also pose substantial challenges to WR recycling. Physical failure creates the 
primary obstacle to recycling by disrupting the macrostructure of materials. Thermal 
shock-induced crack networks, mechanical stress-induced fragmentation and spalling, 
and structural deformation result in inconsistent particle size and severe pulverization of 
WR [28]. This not only renders automated sorting inefficient but also means recycled ma-
terials inherit structural defects, leading to significant degradation of bulk density and 
mechanical strength. Moreover, cracks and voids facilitate impurity penetration, hinder-
ing subsequent processing. 

Chemical failure essentially changes the natural chemical and mineralogical struc-
ture of the refractories and creates a stronger technical barrier to the high-value utilization 
[29]. Interactions between refractories and slag or metal vapors can form low-melting-
point phases and cause internal contamination. These impurities are strongly bound by 
chemical bonding, so that they cannot be separated using physical methods and thus en-
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ergy-intensive melting or expensive chemical leaching is required to purify them. Further-
more, the introduction of toxic elements (e.g., Zn, Cr and Cu) decreases the economic vi-
ability and environmental safety of the recycling process. 

Physical and chemical damage interact during service, and their combined effects can 
exceed those of either mechanism acting independently. Cracks offer very efficient chan-
nels to allow quick penetration of slag and other impurities, greatly increasing the area of 
chemical reaction interface. At the same time, new phases produced by chemical corrosion 
have dissimilar thermal expansion coefficients, which produce local stresses and promote 
the growth of microcracks. 

Figure 5 presents a classification diagram of failure mechanisms for refractories to 
illustrate their physical and chemical failure pathways. 

 

Figure 5. Classification of failure mechanisms in refractories. 

The selection of a recycling strategy should consider the relationship between degra-
dation mechanisms and the characteristics of WRs. Physical damage caused by thermal 
shock and mechanical stress mainly leads to cracking and fragmentation. When chemical 
contamination is limited, sorting, crushing, and particle-size classification can enable 
closed-loop recycling into shaped or unshaped refractories. In contrast, oxidation, slag 
corrosion, and penetration may introduce impurities and secondary phases, requiring the 
removal of contaminated layers, stabilization, or chemical treatment before refractory re-
generation. When the treated materials still cannot meet the requirements for closed-loop 
recycling, open-loop recycling can be considered based on their remaining chemical and 
physical properties. For example, MgO-rich waste refractories can be used as slag-condi-
tioning materials in steelmaking, while suitable recycled refractory aggregates can be in-
corporated into construction materials. Therefore, degradation characteristics and pre-
treatment requirements should be jointly considered when selecting appropriate closed-
loop or open-loop recycling pathways. 
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4. Closed-Loop Recycling 
Recycling WRs into shaped or unshaped refractories can replace raw materials with-

out significant alteration in material properties, resembling a closed-loop recycling path-
way. This closed-loop system maximizes economic returns and advances the circular 
economy. 

As discussed in Section 3, the service-induced physicochemical degradation intro-
duces structural defects and elevates impurity levels in WRs (Table 1). The rise in impurity 
components alters the Ca/Si and Mg/Al ratios, thereby changing the melting point of the 
refractories, which leads to reduced high-temperature resistance and durability. 

Furthermore, recycled refractory aggregates typically exhibit higher porosity and 
lower density than raw materials. This increases the specific surface area available for re-
actions between slag, molten metal, and high-temperature gases, accelerating chemical 
degradation. Simultaneously, higher porosity introduces material defects, further com-
promising the physical and mechanical properties of the refractory. Therefore, the quan-
tity of recycled refractory aggregates that can be incorporated into refractory mixtures is 
limited and largely depends on the physicochemical properties of the recycled fraction, 
such as purity and porosity. Consequently, appropriate sorting and mineral processing 
are required to treat waste refractories. 

Table 1. Average chemical composition of refractories before and after use (%) [5]. 

Types of Refractory Materials Service Status MgO CaO Fe2O3 Al2O3 SiO2 C 

MgO-C 
U 96.2 1.3 0.7 0.8 0.9 11.0 
S 94.5 1.8 0.9 1.1 1.3 10.0 

MgO-C (electric arc furnace) 
U 84.7 <1.2 <0.5 <0.5 <0.5 12.7 
S 86.1 3.6 4.7 0.7 1.7 15.3 

MgO-C (steel ladle) 
U 90.5 <1.2 <0.5 <0.5 <0.5 9.3 
S 79.4 6.1 1.8 5.1 3.8 9.3 

Fired MgO 
U 97.0 0.8 0.4 1.3 0.4 0.1 
S 90.0 2.0 1.5 1.5 3.5 / 

Fired doloma 
U 39.0 59.0 1.0 0.5 1.0 / 
S 35.0 55.0 3.0 3.0 4.0 / 

Doloma–C 
U 39.0 58.0 0.6 0.6 0.9 5.3 
S 37.0 59.0 0.7 1.4 1.3 4.6 

Fired andalusite 
U 0.3 <0.15 0.9 59.0 38.0 / 
S 0.7 0.4 1.6 58.0 37.0 / 

Fired bauxite 
U 0.5 0.5 1.4 83.0 10.0 / 
S 0.7 1.0 1.8 79.0 14.0 / 

Fired chamotte 
U 0.5 <0.15 1.3 43.0 53.0 / 
S 1.5 / 2.0 35.0 54.0 / 

Note: U represents unused, S represents spent. Data in the table are derived from the literature. The 
specific composition of refractories may vary depending on type and application. 

4.1. Regeneration of Shaped Refractories 

As a prime example of recycling, the technology for reusing shaped refractories is the 
most mature, with its core principle being the processing of WR for reuse as aggregate or 
matrix. 

4.1.1. Carbon-Containing Refractories 

Significant progress has been made in the recycling of spent MgO-C bricks. Ludwig 
et al. [30] crushed waste MgO-C bricks into two aggregate sizes (1–4 mm and 4–6 mm) to 
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fabricate recycled bricks. Following heat treatment at 1000 °C and 1500 °C, the samples 
exhibited lower density and poorer mechanical properties because of resin volatilization, 
thermal expansion mismatch, and MgO reduction. The difficulty in recycling waste bricks 
containing antioxidants (such as aluminum) lies in the chemical instability of impurity 
phases. To address this challenge, they proposed an ingenious solution to replace tradi-
tional coal tar pitch binder with phenolic varnish. Phenolic varnish has no softening stage 
before pyrolysis. These properties help suppress the volumetric expansion associated 
with Al4C3 hydration and preserve the structural integrity of the recycled refractories. 

Nevertheless, one of the major bottlenecks in recycling WR bricks with antioxidants 
(e.g., aluminum) is the chemical instability of these impurity phases. According to Moritz 
et al. [31], aluminum in the waste MgO-C is present as metallic Al and Al4C3. The latter 
reacts severely with moisture, exhibiting persistent gas evolution (CH4 and H2) in the WR 
(Figure 6), which causes serious volumetric expansion and cracking during thermal treat-
ment. As a solution to this problem, an innovative approach to binding was suggested 
whereby traditional coal tar pitch was replaced with phenolic varnish. Phenolic varnish 
has a higher structural stiffness and completely lacks a softening stage prior to pyrolysis; 
it effectively suppresses the destructive volumetric expansion triggered by Al4C3 hydra-
tion, thereby safeguarding the structural integrity of the recycled refractories. 

 

Figure 6. (a) Gases formed by the reaction of water with ground WR in the 0–1 mm particle size 
range and (b) gases produced by the reaction of water with a sample without WR [31]. 

Apart from being directly recycled into similar refractory bricks, upcycling of spent 
MgO-C bricks is another potential valorization route that could be pursued. Chen et al. 
[32] utilized spent MgO-C bricks and Al2O3-MgO-C bricks as raw materials. After being 
ground to a particle size smaller than 45 µm, the materials were mixed with industrial 
alumina powder, followed by ball milling, drying, and a final sintering in a nitrogen at-
mosphere at 1723–1823 K. Refractory ceramics with magnesia–alumina spinel and 
MgAlON as the primary crystalline phases were successfully synthesized. Their study on 
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the slag resistance mechanism revealed that slag erosion is jointly controlled by chemical 
reactions and diffusion, with an apparent activation energy of 274.6 kJ/mol. During ero-
sion, elements such as Si, Ca, and Ti diffuse from the slag into the material, while Mg and 
Al migrate from the material into the slag. 

Cheng et al. [33,34] further realized the in situ synthesis of MgAlON and its compo-
sites with MgO from spent MgO-C bricks via carbothermal reduction nitridation. Con-
cerning the effect of impurity phases present in waste materials, it was found that impu-
rities such as CaO and SiO2 finally remained in phases such as CaMgSiO4 and MgFe2O4. 
The results showed that both the MgO and C content introduced through the WR play a 
synergistic role in the flexural strength of the WR. They examined the wetting properties 
between the molten slag and the composite with the help of the drop-on-drop method 
[34]. Increasing the MgO content of the composite from 4.2 wt.% to 15.7 wt.% increased 
the contact angle with the slag to 91°, indicating reduced slag wettability. 

Spent MgO-C refractories were used as a green filler in the development of magne-
sium oxychloride cement-based composite materials [35]. To achieve optimal material 
properties, a binary particle size distribution was adopted to completely substitute tradi-
tional quartz sand. The obtained green eco-friendly cementitious composite was found to 
have a very high microstructural density with no defect and had a compressive strength 
of 78.1 MPa. An optical microscope (Figure 7b) was used to observe the microstructure of 
the fabricated magnesium oxychloride cement composite [35]. 

The study of carbon sequestration on solid waste has in recent years attracted contin-
uous interest in the field of environmental management and sustainable development. 
Mineralization is an encouraging option to mitigate CO2 emissions as well as stabilize 
high-alkalinity waste, demonstrating the feasibility of utilizing industrial byproducts for 
CO2 capture and storage. Capelo-Avilés et al. [36] combined carbon sequestration with 
the recycling of carbon-containing WR by using three types of WRs as raw materials for 
CO2 mineralization. The WR exhibited a maximum carbonation degree of 79% and CO2 
sequestration capacity of 165 g CO2/kg slag. Furthermore, they observed that CaO con-
verted to CaCO3 during carbonation while MgO remained largely inert (Figure 7c) [36], 
and the process could effectively immobilize Pb. 

 

Figure 7. (a) Photographs of samples prepared by waste MgO-C-based refractories [35], (b) micro-
structure of magnesium oxide-based composite materials [35], (c) CO2 sequestration capacity at 15–
390 min and 2–6 bar [36]. 
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Hou et al. [37] first stripped the altered layer from spent Al-Mg-C bricks and removed 
impurities. The particles obtained through crushing, air separation, and screening were 
coated with thermosetting phenolic resin and blended with Y2O3 and SiC additives to pro-
duce recycled refractory raw materials. Shen [38] processed uniform particles of WR < 10 
mm and added compound additives during wet milling, followed by homogenization 
through a conditioning process. After undergoing secondary crushing, medium–low tem-
perature drying, and screening, the mixture was separated into recycled coarse particles 
(>0.2 mm) and fine powder. This process successfully converted WRs into high-quality 
refractory raw materials with stable composition. Because this study was published be-
fore 2015, it is cited only as a historical example of early refractory recycling development 
and was not included in the formal systematic evidence synthesis, bibliometric analysis, 
or comparative assessment. 

4.1.2. Chromium-Containing Brick 

The chromium-containing refractories are extensively applied in the metallurgical 
industry, cement industry and others because of their outstanding high-temperature 
properties. Their main failure forms include slag corrosion, thermal stress-induced spall-
ing, and Cr6+ formation. 

The recycling of spent chromium-containing refractory bricks mainly involves chro-
mium stabilization, extraction and recovery of valuable components, and reuse of the lat-
ter as recycled aggregates or the raw material of new refractory production. The stabiliza-
tion of chromium is the most important process that converts the toxic hexavalent form of 
this element to its less toxic or non-toxic forms. Studies have shown that the addition of 
stabilizers and control over the furnace atmosphere can be used to convert Cr (VI) to the 
more stable Cr (III) state and so solid-solve into the spinel phase, thus lowering its activity 
[39]. Peng et al. [40] have systematically reviewed chromium recovery technologies, and 
divided them into five large groups, including calcium roasting, sodium roasting, acid 
leaching, alkaline leaching, and sub-molten salt methods. Among these, conventional py-
rometallurgical methods such as calcium roasting are uncomplicated and easily industri-
alized but produce highly hazardous CaCrO4-containing ash, which represents a serious 
environmental hazard. 

Recent industrial work has demonstrated the feasibility of the closed-loop recycling 
of spent magnesia–chromite refractories. Previato Sardelli et al. [41] investigated the in-
corporation of recovered material from spent RH degasser linings into new direct-bonded 
magnesia–chromite bricks. The process involved removing the contaminated hot-face 
layer, selective cleaning, crushing, and quality control before the recovered material was 
incorporated into new refractory formulations. Recycled material contents of 25%, 50%, 
and 75% were evaluated, and the 25% formulation was subsequently validated in indus-
trial production trials. This study demonstrates the practical potential of returning spent 
chromium-containing refractories to refractory manufacturing, while highlighting the im-
portance of contamination control and consistent raw-material quality. 

Despite this progress, the recycling of chromium-containing refractories remains 
constrained by the variability of spent materials, potential chromium-related environmen-
tal risks, and the need to maintain reliable high-temperature performance. Future work 
should therefore combine appropriate pretreatment and chromium-risk management 
with systematic evaluation of the physical, thermomechanical, and corrosion properties 
of recycled refractory products. 

4.1.3. Aluminum-Containing Brick 

Aluminum-containing WRs are capable of being used in the manufacture of corun-
dum bricks, high-alumina bricks, and other aluminum-containing shaped refractories. 
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Silva et al. [42] investigated the reuse of powders reclaimed from dismantled spinel-
bonded high-alumina linings of steel induction furnaces in vibratable and self-flowing 
refractory castables. The recovered materials retained the microstructural characteristics 
associated with in situ spinel formation, while avoiding the disruptive expansion that can 
occur during the formation of spinel from separate raw materials. The mechanical perfor-
mance after firing was consistently better for the self-flowing castables than for the vibrat-
able systems. The study demonstrated the potential to incorporate 50–60 wt.% of cleaned 
refractory waste, indicating that appropriately processed high-alumina refractory waste 
can replace a substantial proportion of virgin refractory raw materials [42]. 

Similarly, Matinde and Msibi [43] investigated the use of reclaimed high-alumina re-
fractory bricks recovered from the roof of an electric arc furnace in andalusite-based casta-
bles for tundish applications. The recovered refractory material was processed into 
graded aggregates and used to replace virgin andalusite at different proportions. The for-
mulations containing up to 22 mass% reclaimed material exhibited flow behavior, open 
porosity, and bulk density comparable to those of the reference castable. However, high-
temperature corrosion resistance and hot modulus of rupture indicated that the allowable 
replacement level depends on the required service conditions. The study demonstrated 
potential direct cost savings of up to 10% at a replacement ratio of 22 mass%, highlighting 
the importance of balancing recycled-material incorporation with refractory performance. 

These studies demonstrate that the closed-loop recycling of aluminum-containing 
waste refractories can reduce the demand for virgin raw materials while maintaining suit-
able product properties. Nevertheless, the effectiveness of recycling depends on appro-
priate sorting, removal of contaminated layers, particle-size control, and the compatibility 
of the recovered material with the new refractory formulation. Further work should there-
fore focus on improving feedstock consistency and validating the long-term thermome-
chanical and corrosion performance of recycled refractory products. 

4.1.4. Silicon-Containing Brick 

The biggest difficulty with the direct recycling of waste silica bricks is the stabiliza-
tion of the high-temperature behavior of recycled silica aggregates to avoid a crack caused 
by residual stresses and phase transformations. As these recycled aggregates have a main 
crystalline form of tridymite and quartz, which can go through intricate phase transfor-
mations throughout their service, the reheating of these recycled aggregates could initiate 
uncontrolled volumetric change. Kenzhaliyev et al. [44] investigated microsilica-rich sec-
ondary raw materials for the preparation of mullite–silica refractories. Although the study 
did not use spent refractory bricks as the principal feedstock, it showed that amorphous 
SiO2 could promote secondary mullite formation and improve microstructural develop-
ment. Therefore, this study is retained as contextual evidence concerning the use of silica-
rich secondary raw materials, rather than as a core study of spent-refractory recycling. 
Frade et al. [45] investigated the recycling of industrial refractory brick waste to produce 
silica–alumina-based refractory bodies. By incorporating the waste into a mixture of clay, 
silica, and alumina, followed by wet processing and sintering at 1400 °C, the resulting 
specimens exhibited a modulus of rupture of approximately 63 MPa, demonstrating the 
feasibility of reusing refractory brick waste in the production of new shaped refractories. 

4.1.5. Magnesium-Containing Brick 

Spent magnesia–alumina spinel bricks are known to be highly valuable recyclable 
refractories because of their excellent mechanical properties and structural stability at 
high temperatures. Wang et al. [46] employed a process analogous to the ‘coating’ tech-
nique in the pharmaceutical industry to recover hydrated magnesium aluminum spinel 
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bricks. After calcination at 1100 °C, coating with alumina and sintering at 1600 °C, a mag-
nesia–spinel composite material was obtained. This composite, combined with 97% high-
purity sintered magnesia, gave a magnesia–alumina spinel brick with a bulk density of 
2.85 g·cm−3 and a cold-pressed strength of 61.6 MPa. It had an alumina content of 4.85 
wt.%, which was much less than that of the conventional bricks (11.87 wt.%). Both the 
recycled and conventional materials had a load refractoriness of over 1700 °C and with-
stood eight water-quenching thermal shock cycles, demonstrating highly comparable ser-
vice behavior. 

Magnesium–calcium bricks are widely used in cement kilns because of their excellent 
lining properties. However, their susceptibility to hydration limits their recycling. To ad-
dress this, previous studies have proposed enhancing hydration stability through additive 
modification. Díaz-Tato et al. [47] significantly reduced the hydration weight gain rate 
from 3.07% to 0.01% by adding 1% iron spinel, while achieving a room-temperature com-
pressive strength of 155 MPa for the recycled bricks. Xiong et al. [48] improved sintering 
density using 1.5% nano-Fe2O3, further increasing bulk density to 3.36 g·cm−3. These stud-
ies provide practical technical pathways to address insufficient hydration resistance dur-
ing magnesia–calcium brick recycling. 

Magnesium–iron–aluminum bricks possess both excellent kiln lining adhesion and 
thermal shock resistance. Research on recycling these spent refractories primarily focuses 
on restoring and further optimizing their service performance. Zheng et al. [49] demon-
strated that, by using waste magnesium–iron–aluminum bricks as the main raw material, 
the kiln lining adhesion of recycled bricks can be significantly improved by rationally con-
trolling the addition of electrofused iron–aluminum spinel (e.g., 10%). Furthermore, Kong 
et al. [50] successfully developed high-performance recycled magnesia–iron–alumina 
bricks through composite formulation design, achieving domestic substitution for this re-
fractory material and demonstrating the engineering potential of recycling waste magne-
sia–iron–alumina refractories. 

Beyond WR from the cement industry, the substantial volume of waste magnesia–car-
bon bricks generated by the steel industry also holds significant recycling value. As illus-
trated in Figure 8, ladles serve as critical vessels for transferring molten metal to molds dur-
ing steelmaking. Their discarded refractories retain high magnesium oxide content. 

 

Figure 8. Schematic diagram of ladle involvement in the steelmaking process (left), morphology of 
MgO-containing refractory ladle (right) [51]. 

Kusiorowski [52] investigated the technical pathway for converting waste magnesia–
carbon bricks into high-performance MgO-ZrO2 refractory ceramics. By calcining waste 
bricks and blending them with zirconia before high-temperature sintering, the quality of 
secondary magnesia clinker was significantly enhanced. The resulting recycled material 
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exhibits a dense structure with outstanding thermal shock resistance and erosion re-
sistance. This research provides a novel approach for the high-value recovery of discarded 
magnesia–carbon bricks, demonstrating their cross-industry recycling potential to be 
transformed into high-quality basic refractories suitable for the glass or cement industries. 
Beyond waste magnesia bricks, waste materials from ladles—accounting for 42% of re-
fractory consumption—represent another significant recyclable resource. 

4.2. Regeneration of Unshaped Refractories 

In the field of unshaped refractories, the preparation of traditional corundum raw 
materials consumes substantial resources, whereas recycled corundum produced from 
waste materials such as aluminum–chromium slag demonstrates significant substitution 
potential. Li et al. [53] compared the properties of recycled corundum with commercial 
electrofused corundum, finding that recycled corundum exhibits a lower thermal conduc-
tivity than white electrofused corundum, comparable sintering performance, and supe-
rior resistance to ladle slag corrosion. Thermodynamic calculations and experimental re-
sults indicate that CaO impurities present in the recycled raw materials promote liquid-
phase sintering reactions above 1600 °C. After ladle slag corrosion, these impurities form 
larger amounts of CaAl4O7, which enrich the liquid phase environment and thereby in-
crease the densification rate of material. 

In addition to corundum-based materials, significant progress has been made in re-
cycling silico-aluminous and magnesia-based waste. Schackow et al. [54] developed a 
novel refractory hydraulic binder using silico-aluminous waste from casting ladles. They 
found that this waste effectively replaced natural silica sand as a silicon dioxide source 
without altering the material’s thermal behavior. The major oxide contents of the control 
and waste-containing refractory mixtures are compared in Table 2 [54]. The incorporation 
of scrap improved particle grading; reduced voids between coarse particles, thereby en-
hancing bulk density and overall strength; and effectively suppressed slag and molten 
metal penetration. They found that replacing 25% by volume of commercial refractory 
patch blocks with silica and silica–alumina scrap could save over $50,000 annually. 

Table 2. Major oxide contents of the control and waste-containing refractory mixtures determined 
by XRF (wt.%) [54]. 

Mixture SiO2 Al2O3 Fe2O3 CaO 
MP (control) 27.99 62.00 1.45 6.31 

RS/RSA-1, 25% 29.03 57.49 1.03 8.64 
RS/RSA-1, 75% 35.49 52.93 1.35 8.56 
RS/RSA-1, 100% 36.57 51.24 1.43 8.78 
RS/RSA-2, 25% 24.24 59.86 1.03 7.65 
RS/RSA-2, 75% 24.02 64.34 1.64 7.03 

Regarding magnesia waste, Dai et al. [55] utilized discarded magnesia refractory 
bricks from steel blast furnaces to prepare magnesium phosphate cement. The study re-
vealed that the low reactivity of magnesium oxide in the waste significantly reduced hy-
dration temperature rise and extended setting time, benefiting large-volume construction. 
When MgO content in the waste magnesia bricks reached 87%, the prepared cement ex-
hibited a 28-day compressive strength approaching 60 MPa, along with excellent volume 
stability and long-term strength retention under water immersion conditions. 

The selection of binders is critical for all refractory ceramics. For carbon-containing 
refractories, Stadtmüller et al. [56] explored green binder formulations utilizing lignin and 
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collagen as alternatives to conventional phenolic resins. Thermogravimetric–mass spec-
trometry analysis revealed that this biomass binder system undergoes multistage thermal 
decomposition and oxidation between 250 °C and 640 °C. Although the recycled material 
exhibited a slightly higher porosity (13–19%) than conventional materials, this effect was 
effectively compensated by adding antioxidants such as Al and TiO2. Following the intro-
duction of aluminum powder, in situ reactions at high temperatures generated carbides 
and nitrides. 4Al + 3C = AlସCଷ (11)

However, it should be noted that the stability of aluminum carbide is limited to ap-
proximately 1400 °C. Above this temperature, it reacts with CO present in the atmosphere, 
resulting in the reduction of CO to carbon. AlସCଷ + 6CO = 2AlଶOଷ + 9C (12)

In the presence of nitrogen gas, aluminum carbide may also convert to aluminum 
nitride. AlସCଷ + 2Nଶ = 4AlN + 3C (13)

Moritz et al. [31] have utilized recycled magnesium oxide refractory bricks, which evi-
dently still contain aluminum powder as an antioxidant, as evidenced by the presence of 
other phases such as Al4C3 and Al (OH)3. However, the presence of such phases should be 
evaluated in relation to the material composition, moisture exposure, and thermal history. 

Stadtmüller et al. [56] identified five distinct steps in the oxidation process: (I) oxygen 
transport from the gas stream to the sample surface, (II) oxygen diffusion through the pore 
network, (III) oxygen reaction with graphite to form carbon monoxide, (IV) carbon mon-
oxide diffusion from pores to the sample surface, and, finally (V) removal of carbon mon-
oxide from the surface into the surrounding furnace atmosphere. 

The binder system they proposed has been applied in ladles. Compared with the 
control group, batches containing waste MgO-C refractories typically exhibited higher 
open porosity, slightly lower bulk density, and reduced cold-pressed strength. However, 
the application of the antioxidant significantly enhanced the mechanical strength of the 
samples and provided effective oxidation resistance in an air atmosphere. SEM analysis 
revealed whiskers in the caked samples containing the antioxidant, as shown in Figure 9a 
[56]. As shown in Figure 9b, the oxidation-induced mass loss and post-test oxidation 
depths varied among the MgO–C formulations. The addition of Al and TiO2 improved 
oxidation resistance, indicating that appropriate additives can help maintain the service 
performance of refractories incorporating recycled materials [56]. 

Traditional magnesium–carbon refractories, despite their excellent performance, 
have long relied on hazardous asphalt or resin binders in their production, causing ad-
verse environmental impacts. Addressing this issue, Lauermannová et al. [57] successfully 
developed a novel MgO-C refractory material by simultaneously employing a non-haz-
ardous binder system and a high proportion of recycled spent MgO-C bricks. A mixture 
of lactose and tannin completely replaces conventional phenolic resins or coal tar pitch. 
Thermal analysis indicates that this binder system primarily releases water and carbon 
dioxide during heating, avoiding the issue of harmful substances like polycyclic aromatic 
hydrocarbons and formaldehyde produced by the pyrolysis of traditional binders. Fur-
thermore, the crushed and screened spent magnesia–carbon bricks were graded into three 
size fractions (0–1, 1–3, 3–6 mm), substituting up to 50 wt.% of fresh magnesia aggregates. 
Samples with 50% recycled content exhibited slightly lower bulk density and cold crush-
ing strength than reference samples prepared entirely from virgin raw materials. The key 
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to achieving the hydration process is to control the reaction of calcium aluminate, magne-
sium oxide, and other substances with water to form metastable or steady-state hydrates 
(Figure 9c) [58]. 

 

Figure 9. (a) SEM image of samples prepared from waste refractories and binder [56], (b) Oxidation 
behavior and post-test oxidation depths of different MgO–C formulations [56], (c) schematic illus-
tration of the hydration pathways of typical CAC, Slag 1 and Slag 2 [58] (contextual slag–binder 
example; not included in the formal WR evidence base). 

5. Open-Loop Recycling 
Open-loop recycling refers to the conversion of WRs into non-refractory materials 

with high utilization value via physical, chemical or metallurgical processes, which is dif-
ferent from closed-loop recycling that retains the refractory properties of WRs. 

5.1. Recycling into Metallurgical and Chemical Materials 

Recycling WRs into metallurgical and chemical materials is the most mature open-
loop recycling direction, and it mainly utilizes the main chemical components (MgO, CaO, 
Al2O3, etc.) and valuable metal elements in WR. This section is divided into two parts: flux 
agent and metal recovery. 

5.1.1. Flux Agent 

Utilizing WRs as flux agents fundamentally involves macro-level utilization of their 
primary chemical constituents. This approach features relatively low technical barriers 
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and serves as a rapid pathway for achieving on-site recycling. Basic bricks like dolomite 
and magnesia are commonly used as slag formers or modifiers in metallurgical processes. 

In traditional metallurgical processes, lime and dolomitic lime are added to electric 
arc furnaces to increase MgO saturation in the slag, thereby reducing refractory erosion. 
Replacing dolomite and lime with waste MgO-C refractories has been demonstrated to 
increase MgO content in slag and extend refractory life, provided appropriate dosages are 
carefully determined. Wang et al. [59] obtained similar results through industrial trials at 
a South Korean steel company, and confirmed that waste MgO-C refractories can success-
fully substitute natural dolomite as a flux agent during the steelmaking process. 

Understanding the dissolution behavior of waste MgO-C bricks in molten slag is es-
sential for their reuse as slag-conditioning materials. Liang et al. [60] discovered that the 
dissolution behavior is influenced by FeO content and temperature. With higher levels of 
FeO in the slag, graphite carbon in the refractory material is effectively oxidized. This pro-
cess disrupts the original dense structure of the refractory, significantly accelerating the 
dissolution of MgO into the slag phase. Meanwhile, high temperatures supply extra en-
ergy to the dissolution process, increasing the total dissolution rate of MgO-C refractories. 

Konovalova et al. [61] developed a process for preparing converter smelting flux 
from WRs. This method involves mixing crushed WRs with particle sizes under 10 mm 
with magnesia filler and silicate binder, then forming them into compacted flux blocks via 
a semi-dry vibration compaction process. The prepared flux has an apparent density of 
2.2–2.5 g·cm−3 and sufficient mechanical strength to meet transportation and handling re-
quirements. Avelar et al. [62] investigated the recycling of spent MgO-C refractory bricks 
removed from electric arc furnaces as slag-conditioning materials. The crushed refractory 
waste was evaluated alongside dead-burned dolomite fines, with particular emphasis on 
slag foaming behavior. Their results demonstrated the potential of MgO-rich refractory 
waste for slag conditioning in steelmaking, providing an alternative recycling pathway 
for spent basic refractories. 

5.1.2. Metal Recovery 

Spent magnesia–chrome refractories often contain valuable elements, including chro-
mium and magnesium, as well as metals introduced during smelting, such as lead, silver, 
and bismuth. Importantly, hydrometallurgy can be used to selectively leach target metals. 
Jiao et al. [63] developed a method based on acid leaching, alkali precipitation, and evap-
oration to recover valuable chromium and magnesium from waste magnesia–chromite 
brick. The optimal reaction conditions were observed at a hydrochloric acid concentration 
of 5.0 mol/L, liquid-to-solid ratio of 5:1, leaching temperature of 343 K, leaching time of 90 
min, and stirring speed of 400 rpm. Under these conditions, 95.14% of the Cr was retained 
in the slag phase as chromite, which had the properties required for direct smelting. Sub-
sequently, adjusting the leachate pH to 7.0 using Mg (OH)2 removed over 90% of impuri-
ties, including Cu, Pb, and Bi. High-purity magnesium chloride hexahydrate was then 
obtained from the final solution via evaporation. Xue et al. [64] further employed a HCl-
FeCl3 composite system. By operating at 4.0 mol/L HCl, a liquid-to-solid ratio of 7:1, 4% 
FeCl3, and 5000 rpm for 90 min at 70 °C, they achieved Cr, Fe, and Al enrichment in the 
residue (recovery > 92%), while valuable metals like Mg, Pb, Bi, Ag, and Sb were efficiently 
enriched in the leachate (all leaching rates exceeding 89%), validating a highly efficient 
approach for multi-metal separation. 

For metals present in physical form within waste materials, physical beneficiation 
methods prove more economical. Xue et al. [65] achieved comprehensive utilization of 
spent MgO-Cr2O3 refractories through gravity separation and flotation, successfully re-
covering 99% of silver, 82% of lead, and 81% of bismuth from the WR. The obtained con-
centrate can be directly fed back into the smelting system as feedstock, while the low-
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impurity tailings can serve as raw material for new refractory products. For MgO-Cr2O3 
refractories discarded from converter operations in copper smelters, Han et al. [66] devel-
oped an efficient flotation process to recover enriched metallic copper. The phase analysis 
showed that Cu is present as Mg1-xCuO, Cu2O, and metallic Cu as part of a periclase–
chromite matrix. The hydrophilic nature of the oxide matrix causes copper oxides to enter 
the pores of brick, making recovery difficult. Through systematic optimization of the flo-
tation conditions (grinding time, emulsified kerosene, sodium isopentyl xanthate, and 
Na2S), they achieved a copper recovery rate of 95% and a concentrate grade of 21.4%. 

Pyrometallurgy is applicable for removing impurities or transforming materials by 
thermal treatment. Xue et al. [67] employed chlorination volatilization to selectively vo-
latilize impurity metals (Pb, Bi, Cu, etc.) in mineral processing tailings in the presence of 
N2 gas to obtain a purified oxide slag containing magnesite and chromite which will be 
recovered later. After systematically evaluating the effects of calcination temperature, 
time, atmosphere, and MgCl2 dosage, they found that elevated temperatures markedly 
enhanced the volatilization efficiency under a N2 atmosphere. At 1100 °C with 9% MgCl2 
for 40 min, the process suppressed the total impurity content to under 1%, and metal vo-
latilization rates were as high as 99%. This deep purification was also confirmed by an 800 
g scale-up test. 

Moreover, beyond extracting valuable metals from Cr-Mg refractories, WRs with 
high alumina content also present significant recycling potential. Hou et al. [68] applied 
WRs from aluminum electrolytic cell overhauls as raw material to produce Al-Si alloys 
directly through electrolytic precipitation. Pilot studies reveal that mixing scrap with alu-
mina at a 1:9 ratio enables stable operation in 400 kA large-scale electrolytic cells. Alt-
hough this process slightly elevates energy consumption, it delivers substantial resource 
dividends by reducing fresh alumina consumption by 100 kg/t of aluminum. 

5.2. Recycling into Building Materials 

The application of WRs in the building materials sector represents a key pathway for 
achieving their large-scale resource recovery. Based on the role these materials play within 
the building materials system, they can be primarily categorized into three categories: ce-
ment, aggregates, and ceramics. 

5.2.1. Cement 

Recycling WRs into cement represents a sustainable approach to resource utilization. 
MgO-rich WRs can be incorporated into magnesium phosphate cement (MPC) as a sub-
stitute for dead-burned magnesia. Wang et al. [69] prepared MPC using recycled magne-
sia as a full substitute for dead-burned magnesia. Due to its higher crystallinity and 
CaMgSiO4 impurities, the recycled MgO (49.56 µm) exhibited lower hydration activity 
than dead-burned magnesia (37.35 µm). However, at a Mg/P molar ratio of 4, the recycled 
MPC achieved high compressive strengths of >65 MPa (28 d). The low-reactivity unre-
acted particles functioned as skeletal fillers, significantly reducing long-term drying 
shrinkage and enhancing volumetric stability. Despite a slightly lower 120 d water-re-
sistance strength retention of 67.9%, the recycled MPC demonstrated excellent engineer-
ing viability. 

Alfocea-Roig et al. [51] evaluated the feasibility of preparing MPC using WR from a 
steel plant’s ladle (MgO content: 68.70%). The best formulation was found to be 60% waste, 
40% KH2PO4, and 1% H3BO3, which gave a 28 d compressive strength of about 27 MPa 
and a flexural strength of about 7 MPa. The reaction mechanism was also determined by 
FTIR analysis (Figure 10b), which showed changes in the Mg-O bond vibration and the 
emergence of characteristic phosphate (PO43-) and crystalline water peaks at 1000–1200 



Materials 2026, 19, 4758 22 of 34 
 

https://doi.org/10.3390/ma19214758 

cm−1. The primary hydration product was MgKPO4·6H2O. Nevertheless, leaching experi-
ments showed that levels of Se were higher than EU non-hazardous waste levels, requir-
ing the use of hazardous waste treatment at end-of-life. This highlights the importance of 
regulating toxic heavy metal leaching in future applications. 

El-Didamony et al. [70] studied the pozzolanic behavior of WR powder combined 
with CaO and cement. Measurements of chemically bound water content and free lime 
consumption indicated that reactive silico-aluminous components in WR reacted with cal-
cium hydroxide (CH). Cement substitution experiments (5–20 wt%) showed that, after 90 
days, pastes containing 5–10% WR had compressive strengths higher than those of pure 
cement because of microstructure refinement. Conversely, a 20% substitution induced a 
slight strength decline via clinker dilution. These findings validate the potential of silico-
aluminous WRs as sustainable building materials. 

 

Figure 10. (a) Thermogravimetric analysis of waste ladle refractories [51] and (b) infrared spectra of 
scrap refractories from ladles and prepared magnesium phosphate cement [51]. 

With its outstanding high-temperature resistance, corrosion resistance, and rapid 
hardening properties, recycled cement from WRs demonstrates broad application pro-
spects in construction and industrial sectors. In high-temperature industrial environments, 
it can be used for lining blast furnaces in steel mills and for the construction and repair of 
industrial kilns. In infrastructure development, its high strength and durability make it 
suitable for high-load roads, bridge structures, and anti-corrosion projects in seaports and 
docks. Furthermore, this material is suitable for manufacturing heat-resistant and corro-
sion-resistant concrete in specialized environments such as chemical plants and power 
stations. The other application is in the construction of power plant chimney lining and 
waste incineration plant refractory structures, with the ability to combat both temperature 
extremes and chemical corrosion problems. Recycled cement based on WRs as a green 
building material that is compatible with circular economy concepts not only allows one 
to make emergency repairs of the aging industrial facilities quickly but also allows for the 
manufacture of prefabricated elements of green buildings. 

However, this approach imposes stringent requirements on the chemical composi-
tion and fineness of the waste material, resulting in relatively high processing costs. 

5.2.2. Aggregate 

In contrast, a simpler and more scalable utilization method involves upcycling this 
waste into recycled aggregate. 

The application of WRs as recycled aggregates requires careful evaluation of chemi-
cal stability and volume stability. Potential issues, such as heavy metal leaching, delayed 
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hydration expansion of MgO-rich materials, and hydration instability of dolomite refrac-
tories, may limit their direct utilization. Despite these challenges, WRs like magnesia, 
MgO-C, magnesia–alumina, and zirconia-based materials have been extensively studied 
in terms of substituting natural aggregates in high-performance mortars and concrete due 
to their excellent physical and mechanical properties. Wang et al. used crushed magnesia 
bricks (MgO content > 82%) as raw material to prepare MPC mortar. They achieved a 28-
day compressive strength of 68.5 MPa. The recycled MgO particles contributed to strength 
development and volume stability due to their relatively low hydration reactivity. 

In concrete and mortar preparation, WR aggregates often impart unique mechanical 
properties to the cementitious matrix. Aboutaleb et al. [71] investigated the potential of 
using recycled zirconia bricks (containing approximately 40% zirconia and 12% SiO2) as 
fine aggregates in self-compacting mortar (SCM) to partially or fully replace natural sand. 
The self-compacting mortar achieved compressive and flexural strengths of 35 MPa and 7 
MPa, respectively, indicating the potential of zirconia-based WRs as a stable aggregate 
source for cementitious materials. The physical properties of natural sand and recycled 
refractory brick aggregates are compared in Table 3. The recycled aggregates exhibited 
higher water absorption and specific surface area, which may influence the workability of 
cementitious mixtures [71]. Similar results have been reported by Ghosh et al. [72], where 
recycled WR aggregates improved early-age compressive strength, with optimal replace-
ment ratios of 10–20%. 

Table 3. Physical properties of natural sand and recycled refractory brick aggregates [71]. 

Property Natural Sand (NS) Refractory Brick Wastes 
(RBW) 

Apparent density (kg/m3) 1520 1180 
Specific gravity (kg/m3) 2500 2670 
Water absorption (%) 1.03 3.01 

Specific surface (m2/kg) 6.24 6.67 

Malenšek et al. [73] further prepared alumina-rich WR aggregates through cold 
bonding, demonstrating that processed aggregates could achieve improved mechanical 
performance after firing. 

For the MgO-C refractory bricks in industrial production, Arianpour et al. [74] pro-
posed a pretreatment process to remove the surface slag erosion layer and decarburize at 
1400 °C. Although the recycled aggregates exhibited microcracks and reduced density, 
the addition of 30 wt.% recycled aggregate maintained acceptable mechanical and physi-
cal properties without adverse effects. However, residual impurities such as CaO and SiO2 
at grain boundaries reduced slag corrosion resistance, indicating the importance of impu-
rity removal and pretreatment before reuse. 

The high-temperature stability of WR aggregates provides advantages for their ap-
plication in heat-resistant concrete. Ordinary concrete develops cracks at temperatures 
exceeding 300 °C due to the dehydration of the C-S-H gel and thermal expansion of ag-
gregates, resulting in strength degradation. However, Ghosh et al. [75] noted that concrete 
containing recycled refractory aggregates showed much improved compressive strength 
after exposure to temperatures of 200–600 °C, where there was a 67% improvement at 
400 °C. In the higher temperature range of 800 °C to 1000 °C, samples with high replace-
ment rates of 70–100% had better mechanical retention. Other than fine aggregates, waste 
refractory bricks can be used as coarse aggregates. Similarly, Khattab et al. [76] reported 
that WR brick aggregates reduced thermal cracking by providing additional pore chan-
nels for steam release. They also reported improved elastic modulus retention after high-
temperature exposure [77]. 
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Sinha et al. [78] employed Portland slag cement as the binder material and used 
crushed fine waste refractory bricks as the substitute for natural fine aggregates to prepare 
sustainable concrete samples. River sand was used as natural fine aggregate and crushed 
granite as natural coarse aggregate in comparative experiments. They found the best 
coarse aggregate gradation ratio was 60% 12.5–20 mm and 40% 6.25–12.5 mm of coarse 
aggregate. The cement: fine aggregate: coarse aggregate proportion was fixed at 
1:1.98:3.78 and mixing was done at a steady water–cement ratio of 0.45. The mixed paste 
was poured into molds for cubes, cylinders, and prisms. After full immersion in water 
and curing for 7 days and 28 days, the specimens underwent compression, splitting tensile, 
and flexural tests. 

In the above-described study, the control group achieved a compressive strength of 
36.13 MPa at 28 days. Samples incorporating waste refractory bricks as fine aggregate 
showed increased compressive strength at 7 days. However, after the 28-day curing pe-
riod, this trend did not persist. Only samples with the highest waste refractory brick con-
tent (30%) exhibited a linear increase in compressive strength. Compared with the control 
group, the compressive strength gains for samples incorporating waste refractories as fine 
aggregate at 10 wt.%, 20 wt.%, and 30 wt.% were 6%, 8%, and 3%, respectively. The split-
ting tensile strength of the control concrete cylindrical specimens after 28 days of curing 
was 3.07 MPa. The splitting tensile strength of concrete incorporating waste refractories 
as fine aggregate increased by 7%, 7%, 8%, and 1% at 10 wt.%, 20 wt.%, and 30 wt.% ad-
ditions, respectively. Compared with ordinary concrete specimens, the self-weight of the 
specimens slightly increased due to the replacement of natural river sand with recycled 
aggregate from discarded refractory bricks. 

Nematzadeh et al. [79] investigated the high-temperature performance of concrete 
incorporating recycled refractory aggregates prepared with Portland cement and calcium 
aluminate cement. The results showed that, although mechanical properties decreased 
with increasing temperature, recycled refractory aggregates contributed to improved 
thermal stability compared with conventional concrete. The same group further evaluated 
the durability of recycled refractory aggregate concrete under acidic conditions [80]. The 
results indicated that calcium aluminate cement and PVA fiber reinforcement improved 
acid resistance, whereas the use of recycled refractory fine aggregates alone showed lim-
ited corrosion resistance. After 63 days of sulfuric acid exposure, the optimized specimens 
still maintained a compressive strength of 38.6 MPa, with a mass loss of 1–5%, highlight-
ing the need for the application-specific evaluation of chemical durability. 

In an attempt to improve the properties of recycled aggregates, researchers explored 
techniques for preparing lightweight, high-strength aggregates through sintering modifi-
cation. Al2O3-ZrO2-C refractories incorporated with light-burned magnesium oxide can 
develop aggregates at elevated temperatures [81]. With the calcination temperature in-
creased from 1200 °C to 1400 °C, the intensity of the MgAl2O4 diffraction peak became 
more intense (Figure 11a), which indicates that there is a solid-phase reaction between 
alumina and magnesium oxide. As shown in Figure 11b, the aggregate developed at 
1400 °C had the highest compressive strength (13.27 MPa). Upon being subjected to three 
thermal shock quenches, it attained a residual strength ratio of 78.55%. This performance 
is attributed to the abundant formation of the MgAl2O4 phase, which possesses a low ther-
mal expansion coefficient and effectively mitigates thermal stresses. 
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Figure 11. (a) XRD patterns of the sample with different sintering temperatures [81] and (b) com-
pressive strength and thermal shock resistance of samples [81]. 

In addition to conventional uses of thermal engineering, WR aggregates offer oppor-
tunities in functional pavements and green materials. Xue et al. [82] used the high hard-
ness and abrasion resistance of high-alumina refractory waste to apply high-friction sur-
face treatment, which confirmed that they can be used to give good long-term anti-skid 
texture. Seco et al. [83] prepared aggregates based on ladle and converter scrap in carbon 
sequestration, finding that CO2 curing is capable of promoting carbonation reactions, de-
creasing water absorption and increasing the strength of the particle. At present, the recy-
cled aggregates from WR are widely applied in steel metallurgy, cement and glass indus-
tries, non-ferrous metal smelting, and construction, emerging as a major route for resource 
utilization of high-temperature industrial solid waste. 

In summary, recycled cement and recycled aggregates are both parts of the resource 
utilization system of WRs in the building materials industry. Cement production primar-
ily exploits the chemical reactivity of WRs, whereas aggregate production utilizes their 
physical properties and capacity to form a load-bearing skeleton. These complementary 
approaches accommodate WRs with different compositions and characteristics. These 
methods complement each other and offer appropriate solutions to WRs of different qual-
ities and types. 

5.2.3. Ceramic 

Through solid-phase reactions at high temperature sintering, some WRs are con-
verted into ceramics with superior mechanical, thermal, or chemical properties. Ceramic 
concrete is another term used to describe chemically bonded ceramics. Conventional 
chemically bonded ceramics are formed via acid-base neutralization reactions between 
MgO and KH2PO4, giving rise to a primary crystalline phase having a magnesium potas-
sium phosphate (MgKPO4·6H2O) structure. Recently, there has been an increasing interest 
in chemically bonded ceramics based on industrial waste. Luza et al. [84] synthesized po-
rous chemically bonded ceramics using waste MgO-C refractory bricks from electric arc 
furnaces. The resulting MgKPO4·6H2O-based ceramics exhibited compressive strengths of 
1.0–1.4 MPa and high porosity (60–74%), demonstrating the feasibility of converting WRs 
into functional ceramic materials. Kusiorowski [52] has observed that despite the wide-
spread use of magnesia refractories and the substantial quantities of waste generated in 
the steel, glass, and cement industries, their recycling remains largely limited to use as 
coarse aggregates (with addition rates typically not exceeding 30%). The utilization rate 
of fine aggregates remains extremely low due to the difficulty in separating impurities, 
resulting in waste of critical non-renewable magnesite resources. Therefore, this study 
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proposes a high-value utilization pathway for preparing zirconia-modified magnesia re-
fractories using discarded MgO-C bricks. 

The study utilized waste MgO-C bricks from ladles, which were pretreated to remove 
the contaminated layer and recover secondary magnesia materials. This was then com-
bined with monoclinic zirconia and commercial magnesia, sintered at 1660 °C to prepare 
MgO-ZrO2 composite ceramics. The resulting MgO-ZrO2 ceramics exhibited improved 
corrosion resistance against glass melts. This was attributed to the low porosity and the 
excellent uniformity and dispersion of zirconia compounds within the molten material. 
Furthermore, the addition of zirconia enhanced the cold-pressed strength of the ceramics, 
particularly in the case of the fused MgO-ZrO2 co-clinker, while also improving corrosion 
resistance. These results demonstrate the potential of discarded magnesia refractories as 
secondary raw materials for producing high-value ceramic products. 

Recycled ceramics made from WRs have potential applications in high-temperature 
and corrosion-resistant environments due to their inherent thermal stability and chemical 
resistance. However, further studies are required to evaluate their long-term performance, 
scalability, and economic feasibility before large-scale industrial implementation. 

5.3. Recycling into Functional Materials 

WRs have potential in functional materials because of their specific chemical compo-
sitions. Firstly, using their chemical purity, they may be reused as a pollutant degrader in 
an organic form. Secondly, taking advantage of their large heat capacity and phase change 
behavior, they can be reused as thermal storage materials. 

5.3.1. Organic Pollutant Degrading Agent 

To treat phosphate- and ammonia-nitrogen-containing industrial wastewater, Li et 
al. [85] used WRs as a magnesium source. Acid leaching yielded Mg2+-rich solutions used 
to induce magnesium ammonium phosphate precipitation. At the optimal pH of 9.5, the 
removal rates of phosphate and ammonia nitrogen reached 99.6% and 98.2%, respectively. 
Preliminary economic assessments indicate considerable cost savings compared with the 
use of high-purity chemical reagents. These results demonstrate the potential of WR for 
combined solid waste and wastewater treatment and resource recovery. 

Building on this foundation, functional materials derived from WR have been further 
expanded in water treatment applications. Kuzin et al. [86] prepared a composite magne-
sium–titanium coagulant by dissolving WRs in a titanium sulfate system. This coagulant 
demonstrated excellent removal capabilities for ammonium ions, phosphates, and dis-
solved organic matter in plastic reprocessing wastewater, outperforming traditional iron-
based or aluminum-based coagulants in overall performance. Uysal et al. [87] utilized WR 
powder as a reinforcing skeleton, combined with biopolymers to prepare hydrogel adsor-
bent materials, achieving over 98% removal efficiency for Cu2+ in wastewater. Furthermore, 
Hammal [88] investigated the incorporation of spent chamotte refractory materials recov-
ered from cement kiln linings into geopolymer membranes for pharmaceutical wastewater 
treatment. By replacing 20% of calcined clay with chamotte waste, the prepared membrane 
achieved a COD removal efficiency of 95.74% through a two-stage process combining ad-
sorption and membrane filtration. These findings demonstrate the potential of spent refrac-
tory materials as alternative raw materials for wastewater treatment applications. 

It is noteworthy that not all solid wastes containing organic pollutants are suitable 
for treatment through degradation or removal methods. 

5.3.2. Thermal Storage Material 

Beyond structural ceramic applications, the thermal properties of some WR materials 
also enable their utilization as thermal storage media. 
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The scarcity of clean drinking water has spurred the development of solar seawater 
desalination technologies. Introducing thermal storage materials to release stored heat at 
night has become a key strategy for enhancing efficiency. Panchal et al. [89]explored the 
potential of waste magnesia refractory bricks as a heat storage medium. This material has 
high density (3 g/cm3), good thermal conductivity (5.0 W/m·K), high specific heat capacity 
(1130 J/kg·K), and excellent corrosion resistance. Comparative experiments were con-
ducted with single-slope solar distillers containing 0, 3, and 6 kg of waste magnesia re-
fractory bricks, and it was observed that the addition of waste magnesia bricks changed 
the thermodynamic behavior of the system and that the peak thermal efficiency was at-
tained after 1 h. 

The application of recycled refractories as thermal storage materials is still at an early 
stage. Their high-temperature stability and thermal properties indicate potential for en-
ergy-related applications; however, further studies are required to evaluate their long-
term thermal cycling performance, scalability, and economic feasibility. 

5.4. Comparative Assessment of Waste Refractory Recycling Technologies 

To systematically compare the recycling technologies discussed above, representa-
tive studies were selected based on WR types, recycling pathways, and the availability of 
reported performance data. As summarized in Table 4, these studies were compared in 
terms of waste type and origin, pretreatment methods, recycling pathways and products, 
recycled fraction or recovery efficiency, key performance indicators, validation scale, en-
vironmental and economic evidence, and main limitations. Environmental and economic 
performance was assessed based on the available quantitative evidence reported in the 
original studies. 

Table 4. Comparative assessment of representative waste refractory recycling technologies. 

Reference Feedstock and Pre-
treatment 

Recycling Path-
way and Product 

Performance and Valida-
tion 

Environmental and Eco-
nomic Impact; Limitations 

[58] 
Waste MgO-C bricks; 
crushed and graded. 

Recycled MgO-C 
refractories 

(closed-loop re-
generation). 

Up to 50 wt.% virgin feed-
stock replaced; laboratory 

characterization of physical 
and mechanical properties. 

Not mentioned. The long-
term service performance 
has not yet been verified. 

[45] 

Silico-aluminous brick 
waste; wet mixing, 

pressing and firing at 
1400 °C. 

Silico-aluminous 
refractory bricks 
(closed-loop re-

generation). 

Flexural strength ≈ 63 MPa 
and linear shrinkage ≈ 6%; 

laboratory specimens. 

Not mentioned. The service 
life has not been evaluated. 

[55] 

Waste foundry lin-
ings; removal of ad-

hering contaminants, 
crushing and grading. 

Hydraulic-setting 
refractory patch 
material (closed-

loop regeneration). 

Silica sand replaced at 25, 75 
and 100 wt.% in laboratory 

formulations. 

Estimated savings of 
US$55,653 per year in one 
foundry scenario; econom-
ics depend on site condi-

tions. 

[63] 

Waste MgO-C bricks; 
crushed and blended 
with dolomite fines, 

then briquetted. 

Conditioner for 
electric arc furnace 
slag (open-loop re-

cycling). 

Waste bricks comprised 23–
45 wt.% of tested briquettes; 
maximum slag foam height 
5.5 cm in laboratory tests. 

Not mentioned. The indus-
trial verification situation 

was not explained. 
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[69] 

Waste aluminum-cell 
refractories; sepa-
rated, crushed and 

milled. 

Al-Si master alloys 
produced by elec-
trolysis (open-loop 

recycling). 

Approximately 100 kg less 
alumina consumed per ton 

of metal. Pilot-scale test. 

Reduced alumina demand 
was accompanied by higher 
electricity consumption. No 
quantitative LCA was men-

tioned. 

[71] 

Waste aluminosilicate 
refractory bricks from 

a cement plant; 
crushed and finely 

ground. 

Blended Portland 
cement with recy-
cled brick powder 
(open-loop recy-

cling). 

At 5–10 wt.% cement re-
placement, compressive 

strength exceeded that of 
plain cement up to 90 days; 

laboratory tests. 

Not mentioned. Industrial 
verification was not men-

tioned. 

[86] 

Waste steelmaking re-
fractory bricks; acid 

leaching and chemical 
separation. 

Phosphate and 
ammonium recov-

ery as struvite 
(open-loop recy-

cling). 

99.6% phosphate and 98.2% 
ammonium recovered in la-
boratory wastewater tests. 

Not mentioned. Reagent de-
mand and industrial pro-
cess performance require 

evaluation. 

[89] 
Waste cement-kiln 

chamotte; ground and 
alkali-activated. 

Geopolymer mem-
brane for 

wastewater treat-
ment (open-loop 

recycling). 

20 wt.% chamotte incorpo-
rated; COD and BOD re-

moval reached 95.74% and 
96.80% in laboratory treat-

ment. 

Not mentioned. No infor-
mation was provided re-
garding the performance 

and operational lifespan af-
ter regeneration. 

6. Conclusions, Challenges, and Limitations 
This review systematically analyzes the physical and chemical failure mechanisms of 

WR materials and clarifies their closed-loop and open-loop recycling pathways. The re-
search results indicate that the applicability of the recycling methods is not only depend-
ent on the original composition of the refractory materials, but also closely related to the 
structural and chemical changes that occur during their use. Thermal shock and mechan-
ical damage usually lead to cracking, spalling, and fragmentation, whereas slag penetra-
tion, oxidation, and interfacial reactions may alter phase composition and introduce im-
purities. These changes directly affect the subsequent pretreatment requirements and the 
feasibility of material regeneration. 

The relationship between the failure mechanism and the recycling strategy provides 
an important basis for selecting the appropriate recycling path. Refractory waste materials 
with relatively stable chemical composition and low pollution are more suitable for 
closed-loop recycling through processes such as sorting, crushing, size classification, and 
binder modification. In contrast, materials after chemical failure need to further remove 
impurities or stabilize the phase state before reuse. When the requirements for material 
performance and environmental safety cannot be satisfied for closed-loop recycling, open-
loop recycling technologies can provide alternative applications in metallurgical pro-
cesses, building materials, and functional products. Therefore, when choosing the recy-
cling path, the state of the recovered materials and their expected application should be 
considered simultaneously. 

Although recycling technology has made significant progress, there is still a gap be-
tween laboratory feasibility and industrial implementation. Most studies remain limited 
to laboratory experiments, while pilot-scale demonstrations and industrial applications 
are still insufficiently presented. Moreover, although some studies have mentioned mate-
rial conservation and potential economic or environmental benefits, quantitative life cycle 
assessment and techno-economic evaluation are still limited. 
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The main challenges faced by large-scale recycling include the difficulty in separating 
impurities from refractory waste materials, inconsistent quality of recycled products, and 
the lack of standardized evaluation criteria. In addition to technological progress and pro-
cess optimization, systematic classification and management of WRs is also a key prereq-
uisite for achieving efficient resource utilization. Establishing unified classification stand-
ards and identification systems helps accurately characterize waste materials, distinguish 
their inherent characteristics and potential utilization value, and provide guidance for se-
lecting the appropriate recycling path. At the same time, industrial management and reg-
ulatory frameworks should be improved to promote standardized recycling practices and 
prevent resource waste and secondary environmental pollution. Through the integration 
of precise classification, targeted regeneration strategies, standardized evaluation systems, 
and industrial-scale verification, WR recycling is expected to shift from low-value waste 
treatment to multi-level resource utilization, thereby reducing reliance on primary raw 
materials, reducing environmental burdens, and promoting the circular transformation of 
the high-temperature industry. 
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