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Abstract: As a green lightweight aggregate, solid waste-based ceramsite was significant for 
decarbonizing building materials. This review systematically summarized its preparation processes, 
centered on sintered and non-sintered technologies, performance regulation mechanisms, and 
applications in lightweight concrete. Existing research indicated that raw material formulation, 
additive type, and curing process collectively governed macroscopic properties such as apparent 
density, strength, and water absorption by controlling the phase composition and microstructure of 
ceramsite. In terms of environmental benefits, solid waste-based ceramsite exhibited notable heavy 
metal immobilization capacity and reduced energy consumption and carbon footprint by utilizing 
inherent energy from solid waste and optimizing sintering processes. Currently, sintered ceramsite 
demonstrated superior strength and durability, while non-sintered ceramsite offered advantages of 
low energy consumption and simple processing, though its strength and functionality required further 
enhancement. Future research was suggested to focus on multi-property synergy mechanisms,    
long-term durability assessment, and low-temperature efficient activation technologies to promote 
the large-scale application of solid waste-based ceramsite in construction materials. 
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1. Introduction 

Lightweight high-strength concrete (LWHSC) was prepared using lightweight aggregates and had 
a 28-day compressive strength greater than 40 MPa with an oven-dry density less than 1950 kg/m3 [1]. 
It possesses low dead load, exceptional strength, reduced thermal conductivity, and excellent heat 
resistance [2–4]. These attributes render it exceptionally well-suited for fulfilling the performance 
criteria of tall buildings and structures with extensive spans [5]. Moreover, LWHSC also contributes 
to the seismic damping of buildings [6], thus offering extensive prospects for engineering 
applications [7,8]. 

Ceramsite is a common lightweight aggregate for high-strength lightweight concrete, whose 
strength and apparent density directly determine the macroscopic properties of concrete, with the 
former governing compressive strength and the latter restricting dry density [9–11]. Furthermore, 
multiple studies expanded the application scenarios of concrete by designing the functionality of 
ceramsite: Bekkeri et al. found that the density of concrete decreased with the increase in artificial 
aggregate replacement level, and the prepared ceramsite concrete achieved a 90-day compressive 
strength of over 43.56 MPa, making it suitable for structural applications [12]. Zhou et al. discovered 
that incorporating 1.5% of 9 mm fibers into spherical aggregates resulted in a cylinder compressive 
strength of 65.09 MPa. Using these as aggregates to produce concrete not only enhanced its flexural 
strength but also improved its compressive plastic deformation capacity, enabling it to meet the dual 
requirements of strength and deformation performance for backfill materials in goaf areas [13].  
Jiang et al. found that carbonated recycled coarse aggregates had a lower density, and the concrete 
prepared with them exhibited significantly improved resistance to chloride penetration and service 
life, making it suitable for the construction and maintenance of marine infrastructure [14]. Ying et al. 
developed multi-stage phase-change concrete using coated phase-change ceramsite. They observed 
that the compressive strength of the concrete decreased as the content of phase-change aggregate 
increased; however, the concrete demonstrated effective thermal regulation at multiple temperature 
points between 5 and 15 °C, indicating significant application potential for mitigating frost heave in 
subgrades in cold regions [15]. In summary, concrete prepared with ceramsite as a lightweight aggregate 
exhibited excellent performance in strength, durability, and functionality, and has been widely used 
in fields such as building construction, roadway support, marine engineering, and road construction.  

The development of ceramsite underwent a fundamental shift from reliance on natural raw 
materials to the predominant use of solid waste. In recent years, to promote the resource utilization of 
solid waste and in response to environmental policies such as the clay prohibition, the use of solid 
wastes like fly ash, sludge, and tailings with similar compositions became the mainstream direction 
for ceramsite production [16–18]. Bibliometric data strongly corroborated this trend: over the past 
decade, research on solid waste-based ceramsite showed explosive growth, with publication growth 
rates of 667.14% in Web of Science (WOS) and 3066.67% in China National Knowledge 
Infrastructure (CNKI), which highlighted the increasing research attention and importance of this 
field. Using modern techniques such as pelletization and high-temperature sintering (or non-sintered 
curing processes) [19,20], these solid wastes were processed into lightweight, high-strength 
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aggregates characterized by a hard shell and porous interior. Consequently, these ceramsites 
exhibited excellent properties like low density, high strength, and corrosion resistance, leading to 
broad application prospects [21–23]. The focus of future research will be on expanding their 
applications to achieve higher value-added utilization. 

This review systematically elucidates the preparation principles, performance regulation, 
application prospects, and environmental safety analysis of solid waste-based ceramsite, centered on 
sintering and non-sintering technologies. It first analyzes how key factors such as raw material 
formulation and additives govern ceramsite properties by modulating phase composition and 
microstructure, and further reveals the distinct mechanisms involved, including high-temperature 
phase evolution and structural formation in sintered ceramsite, and chemical bonding along with 
hydration product formation in non-sintered ceramsite. The review then demonstrates the excellent 
performance and engineering advantages of the resulting lightweight high-strength ceramsite in 
concrete applications across various fields such as building construction, mine support, marine 
engineering, and road infrastructure. In terms of environmental benefits, quantitative analyses of 
energy consumption and carbon footprint validate the clean production potential of solid waste-based 
ceramsite; combined with heavy metal immobilization mechanisms and pollutant control strategies, 
its environmental safety is confirmed from a life cycle perspective. Finally, the review summarizes 
future development pathways for solid waste-based ceramsite and offers a forward-looking 
perspective, aiming to provide a theoretical basis and practical guidance for the development and 
application of green low-carbon building materials. 

2. Preparation and environmental benefit analysis of solid waste-based ceramsite 

2.1. Production of ceramsite using solid waste materials 

2.1.1. Raw materials for preparation 

The utilization of solid waste for ceramsite production represented a crucial approach to 
addressing environmental requirements and promoting sustainable development. Specifically, bulk 
solid wastes suitable for manufacturing lightweight high-strength ceramsite included mining tailings, 
industrial slag, engineering muck, and silt/sludge [24–27]. The primary chemical components of 
these solid wastes consisted of oxides such as SiO2, Al2O3, Fe2O3, CaO, MgO, K2O, and Na2O, 
which provided a compositional basis for their resource utilization. Since the composition of a single 
solid waste often proved insufficient, two or more types were typically blended and formulated to 
optimize the overall chemical composition. The produced ceramsites exhibited excellent key 
properties including density, strength, and water absorption, meeting the Chinese national standards 
for use as lightweight aggregates [28]. Zhang et al. successfully sintered lightweight ceramsite using 
molybdenum tailings, iron tailings, and waste glass powder, which achieved a bulk density              
of 427.2 kg/m3 and a compressive strength of 5.03 MPa [29]. Zeng et al. produced Grade 600 
ceramsite from stone coal leaching residue, bauxite residue, and feldspar, which exhibited a bulk 
density of 594.3 kg/m3, a compressive strength of 7.33 MPa, and a 1-hour water absorption of 4.96%, 
thus meeting the relevant Chinese standard [30]. Kang et al. prepared lightweight high-strength 
sintered ceramsite from engineering muck, fly ash, and stone powder, which exhibited a water 
absorption rate not exceeding 12.6%, a density grade of 700, and a cylinder compressive strength of 



1179 

AIMS Materials Science  Volume 12, Issue 6, 1176–1214. 

not less than 5.5 MPa [31]. Fei et al. produced high-strength ceramsite from oily sludge and cuttings 
cake. The resulting ceramsite achieved a bulk density of 718 kg/m3, a cylinder compressive strength 
of 10.94 MPa, and a water absorption of 7.30%, meeting the Grade 800 requirements of the Chinese 
national standard [32]. 

The production of lightweight high-strength ceramsite imposed specific chemical requirements 
on the solid wastes used. According to the Riley phase diagram (Figure 1), the suitable chemical 
composition ranges for producing expanded ceramsite were: 53%–79% SiO2, 10%–25% Al2O3,          
and 13%–26% fluxing oxides [33]. In studies on the preparation of lightweight high-strength 
ceramsite, the raw material components of solid wastes were classified into three categories 
according to their functions: ceramic-forming components, fluxing components, and gas-generating 
components [34]. The ceramic-forming components, SiO2 and Al2O3, collectively formed a stable 
aluminosilicate network, serving as the skeletal framework and strength-regulating constituent, 
respectively. Amorphous SiO2 was the primary component of the ceramsite skeletal structure and 
facilitated the formation of a liquid phase during the sintering process [35]. When the Al2O3 content 
exceeded the threshold of 18 wt%, it promoted the formation of mullite (3Al2O3·2SiO2), whose 
interlocked needle-like microstructure significantly enhanced mechanical robustness [36]. 
Furthermore, an appropriate SiO2/Al2O3 ratio contributed to optimized high-temperature liquid phase 
behavior, thereby enabling effective expansion of the ceramsite during sintering. Liu et al. conducted 
a study using low-silica red mud and supplementary sintering materials. Their results indicated that 
ceramsite prepared with a Si/Al ratio of 1.376 exhibited a uniform porous structure and demonstrated 
excellent environmental compatibility [37]. Flux components (CaO, MgO, K2O, Na2O, Fe2O3) 
regulated melting behavior, promoted liquid phase formation, and thereby achieved structural 
densification during ceramsite sintering. Studies revealed distinct mechanisms for different oxides: 
Xiao et al. found that MgO reacted with SiO2 to form magnesium silicate, which enhanced the 
expansion capacity of ceramsite. In contrast, Na2O promoted quartz melting and albite formation, 
consequently reducing compressive strength [38]. Qin et al. reported that CaO addition significantly 
decreased endothermic effects during heating, effectively lowered the sintering temperature, and 
facilitated the formation of new phases [39]. Sun et al. further demonstrated that increasing Fe2O3 
content gradually reduced liquid phase content and viscosity, while broadening the melting 
temperature range [40]. Yang et al. also confirmed that higher K2O content contributed to an 
expanded sintering temperature range [41]. Gas-generating components (such as organic carbon, 
calcite, volatile components P2O5/SO3, and iron oxides) [42] released gases through thermal 
decomposition or redox reactions at high temperatures, creating a porous structure within the 
ceramsite. Since the natural content of gas-generating components in solid waste was generally low, 
pore-forming agents often needed to be introduced to achieve effective expansion of the ceramsite. 
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Figure 1. Range of chemical composition of suitable fired expanded ceramic pellets in 
the Riley ternary phase diagram (Reproduced from Ref. [43] with permission). 

Table 1 systematically summarized the solid wastes commonly used in ceramsite production, 
revealing the following patterns and issues: The contents of major oxides (SiO2, Al2O3, CaO, MgO, 
K2O, Na2O, and Fe2O3) varied significantly among different solid wastes, and their relative content 
was the key factor determining both the sintering behavior and final properties of the ceramsite. 
Since the chemical composition of a single solid waste generally failed to meet the ideal ratio 
requirements, it was often necessary to introduce another functionally complementary solid waste for 
component adjustment. Rational formulation design not only optimized the physical properties of the 
ceramsite but also significantly improved the comprehensive utilization efficiency of solid wastes. It 
was noteworthy that even for the same type of solid waste, significant chemical composition 
fluctuations existed due to differences in origin, treatment processes, and storage history, which 
posed challenges to process stability control during resource utilization. Furthermore, solid wastes 
often contained potentially hazardous components such as heavy metals, chlorine, and phosphorus. 
During ceramsite preparation, effective immobilization through methods like high-temperature 
sintering was required to ensure the environmental safety of the product. 
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Table 1. Different chemical components of solid waste. 

Type of solid 
waste 

Mass percent (%) Ref. 

Loss of 
ignition  

SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O P2O5 

Phosphate tailing 2.90 66.52 16.76 0.35 0.78 1.40 3.92 0.08 0.16 [44] 

Phosphate tailing - 31.72 9.20 23.21 1.07 4.32 1.71 0.15 17.76 [45] 

Phosphate tailing 7.21 59.12 26.01 2.34 2.91 1.45 3.87 0.35 - [46] 

Phosphate tailing 4.00 1.74 0.05 32.04 18.68 0.40 1.10 1.08 4.34 [47] 

CRM - 19.24 20.19 21.99 1.50 19.19 1.95 7.88 - [48] 

LSRM - 6.73 43.75 11.8 - 19.76 1.52 8.62 - [43] 

Red mud - 11.10 27.00 2.60 0.48 50.60 0.18 4.30 - [49] 

Red mud - 20.40 27.80 3.02 - 28.50 0.12 13.90 0.20 [50] 

DWTS 25.90 27.30 33.10 2.42 1.21 4.95 1.40 0.58 - [51] 

WWTS 50.00 12.01 7.87 2.95 0.87 5.16 1.34 0.31 - [52] 

Sewage sludge - 39.19 9.12 4.86 2.06 22.05 - - - [53] 

MSWIFA 18.20 9.62 3.17 18.32 3.18 2.63 - 6.27 - [54] 

MSWI fly ash - 2.50 0.77 64.32 0.69 - 4.74 3.81 - [55] 

MSWI fly ash - 6.22 1.67 35.80 2.90 1.46 5.85 16.40 - [56] 

Iron tailings - 44.87 12.07 11.32 6.28 14.97 0.67 2.69 - [57] 

Iron ore tailings - 51.16 22.74 1.57 2.54 11.76 6.19 1.59 0.116 [58] 

IOT 5.56 41.97 9.98 10.90 5.31 4.63 1.82 3.48 - [59] 

Fly ash 0.31 46.34 20.74 2.42 1.14 - 1.63 1.74 - [60] 

Coal fly ash 1.86 53.54 28.80 6.82 1.24 6.10 - 1.01 - [61] 

CFB fly ash 17.65 34.36 30.12 16.92 - 6.54 - - 1.08 [62] 

Fluorite tailings - 64.81 13.70 3.85 1.86 - 2.68 1.77 - [63] 

Tungsten slag - 8.39 2.65 6.54 0.19 8.71 0.12 0.08 - [64] 

2.1.2. Preparation methods 

Based on the application of high-temperature thermal treatment, lightweight high-strength 
ceramsite was classified into sintered and non-sintered types. The manufacturing process of 
sintered ceramsite included raw material crushing, drying, mixing and formulation, pelletization, 
high-temperature sintering, and cooling. NSC (non-sintering ceramsite) utilized materials with 
pozzolanic activity as raw materials, which were crushed, dried, and mixed before an alkaline 
activator was incorporated to stimulate their reactivity [19,65], followed by pelletization and steam 
curing to form the final product. Formulation was the critical step in both processes, typically 
requiring the blending formulation of two or more solid wastes to adjust the chemical composition 
and meet performance requirements. For sintered ceramsite, the sintering process was the key stage 
determining critical properties such as water absorption, strength, and density, thereby influencing 
their suitable applications. This process was divided into preheating and sintering stages: the 
preheating stage removed moisture to prevent rapid gas release at high temperatures from causing 
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ceramsite cracking [66], while also creating a suitable reaction atmosphere for sintering; the sintering 
stage achieved microstructural formation and densification of the ceramsite through high-temperature 
reactions. For NSC, steam curing significantly enhanced mechanical strength by promoting pozzolanic 
reactions and hydration reactions [67]. 

Table 2 systematically summarized the key differences between the two main technical 
pathways for producing ceramsite from solid waste, namely the sintered and non-sintered methods, 
in terms of raw material formulation, process parameters, and product properties. Specifically, 
sintered ceramsite relied on solid wastes with high silicon and aluminum content as the main raw 
materials, and incorporated pore-forming agents (such as charcoal powder or SiC) to induce pore 
formation under high temperatures. Its process core was the preheating–sintering regime, aimed at 
achieving densification and microstructural control through physicochemical transformations at high 
temperatures (1100–1220 °C). In contrast, NSC utilized raw material systems with pozzolanic 
activity or cementitious potential (such as fly ash or slag) and depended on chemical activators (e.g., 
NaOH, CaO) to activate reactivity under ambient or low-temperature conditions. The key to its 
process lay in the control of curing conditions (temperature, humidity, and duration) to promote the 
geopolymerization or hydration reactions of cementitious phases. As a result, these fundamental 
differences led to significant distinctions in key properties such as water absorption, compressive 
strength, and bulk density, reflecting their distinct microstructural formation mechanisms based on 
high-temperature ceramification and ambient-temperature chemical bonding, respectively. 
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Table 2. Preparation techniques and characteristics of ceramsite derived from solid waste. 

Types of 
ceramsite 

Soild waste raw materials Pore-forming 
agents (%) 

Pyrolysis 
heating rate 
(℃·min1) 

Preheat Pyrolysis Physical and chemical properties of solid 
waste ceramisite 

Ref. 

Sintered 
ceramsite 

Primary raw 
materials (%) 

Auxiliary 
materials (%) 

T (℃) Time (min) T (℃) Time (min) Water 
absorption 
(%) 

Compressive 
strength 
(MPa) 

Apparent 
density 
(Kg·m3)c 

Engineering 
excavated soil (75) 

Fe2O3 powder 
(25) 

Charcoal 
powder (2) 

- 500 5 1150 5 5.3 5.02 1626.33 [20] 

Coal gangue (45) Iron ore 
tailings (55) 

- - - - 1175 20 8.83 7.3 1756 [22] 

Fluorite tailings 
(70) 

Clay (30) SiC (0.5) 10 550 15 1210 30 0.02 4.63 890 [68] 

HCRM (50) Dinas (40) 
Bentonite 
(10) 

Industrial SiC 
(2) 

- 500 5 1100 5 5.21 1.0 - [66] 

Coal-fired fly ash:steel slag:gold 
tailings = 5:5:8 

SiC (2) Corn 
straw (30)a 

10, 15b 400 20 1170 10 0.22 15.6 1552.3  [69] 

Regolith granite 
sand washing 
sludge (60) 

Silica fume 
(20)  
Red mud (20) 

Phosphorus 
tailings (10) 

10 450 20 1220 15 - 1.30 792.30 [70] 

NSC Raw materials (%) Additives (%) Curing 
temperat
ure (°C) 

Relative 
humidity 
(%) 

Curing time (d) WA (%) CS (MPa) AD (Kg·m3)  

Iron ore tailings:gangue:fly 
ash:cement:lime:gypsum = 
35:10:28:15:10:2 

NaOH (3) 
Aluminum powder (1) 

80–85 99  2 17.6 2.27 - [19] 

Sewage sludge:fly ash =8 :2 NaOH (9) 
CaO (6) 

Room 
temperat
ure 

- 28 8.37 7.43 2603 [65] 

Water-washed IMSWA:ordinary 
Portland Cement: Silica Solt = 
59:30:11 

Aluminum powder 25 80 14 14 8 - [71] 

River sediment:fly 
ash:slag:CaO:gypsum:sodium 
silicate = 70:15:10:2:2:1 

40 wt% NaOH solution  20 65 7 5.3 6.4 - [72] 
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Note: a: SiC was added at 0.2 wt% of the total raw material mass, while the addition of CS (corn straw) was chosen to be 30 wt% of the 

mass of Fe2O3 in the raw material. b: The staged regulation of heating rates was adopted to balance the stability of thermal behavior in 

the early stage and the efficiency of sintering in the later stage: a rate of 10 °C/min ensured adequate removal of moisture and organic 

matter, while 15 °C/min guaranteed thermal efficiency and phase transformation completeness during the sintering stage. c: The water 

absorption and apparent density of the ceramsite were determined in accordance with the Chinese national standard GB/T 17431.2-2010, 

and the compressive strength of individual ceramsite particles was measured using a computer-controlled electronic universal 

testing machine. 

2.1.3. Energy consumption analysis 

The investigation into ceramsite production remained largely confined to laboratory scale, with 
key energy-consuming steps including raw material crushing, granulation, drying, and sintering (or 
curing). For example, Ke et al. reported that the total energy consumption for producing 2.4 kg of 
ceramsite in a single batch was 77.1 kWh, of which sintering in a muffle furnace accounted            
for 40.55 kWh, representing 52.6% of the total [73]. Han et al. reported an energy consumption       
of 135 kWh per ton for NSC, with the curing stage alone consuming 96 kWh, contributing to 71.1% 
of the total [46]. Further analysis by Li et al. revealed that producing one ton of ceramsite required 
approximately 357.90 kWh in total energy, with sintering, drying, and preheating being the most 
energy-intensive stages, accounting for 35.70%, 29.34%, and 25.90% of the total consumption, 
respectively [74]. The aforementioned research results demonstrated that thermal treatment and 
curing represented the primary energy-consuming stages in ceramsite production. For sintered 
ceramsite, improving energy efficiency during the thermal treatment phase was crucial for reducing 
total energy consumption, achievable through adopting high-performance insulation materials, 
enhancing furnace heat recovery, and optimizing sintering protocols. For NSC, energy consumption 
was concentrated in the curing stage and could be effectively controlled by optimizing curing 
regimes and utilizing chemical activators. Advancing the transition from laboratory-scale preparation 
to scaled-up, continuous production, along with implementing intelligent process control systems, 
systematically enhanced energy utilization efficiency and provided key technical support for the 
green manufacturing and broad application of ceramsite. 

2.1.4. Carbon footprint analysis 

Carbon footprint served as a key indicator for quantifying the total greenhouse gas emissions of 
ceramsite throughout its entire life cycle (Figure 2). Systematic assessment of it is of great 
significance for promoting the green manufacturing and sustainable development of solid waste-based 
ceramsite. Existing studies generally adopted the life cycle assessment method, with system 
boundaries typically covering stages such as raw material acquisition, production processing, 
transportation, use, and waste disposal. For example, Song et al. compared the carbon footprints of 
three types of solid waste-based ceramsite made from sewage sludge, fly ash, and sludge-aluminum 
ash, with values of 0.93, 0.69, and 0.66 kg CO2eq, respectively. The production stage contributed to 
over 80% of the total emissions, highlighting its dominant role in the overall carbon footprint [75]. In 
a more detailed analysis, Li et al. divided the ceramsite production process into four stages: raw 
material production, transportation, manufacturing, and product dispatch. Their findings revealed 
that raw material production accounted for only 11.47% of the total emissions, while the drying and 
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sintering stages contributed 20.73% and 63.07%, respectively, collectively constituting the primary 
emission sources [76]. Similarly, the calculation by Han et al. indicated that the carbon emission per 
ton of ceramsite produced was 121.69 kg CO2, with the production process accounting for 65.0% of the 
total, further underscoring energy-intensive processes as key contributors to carbon emissions [46]. 
Furthermore, Gao et al. utilized construction waste soil to produce non-sintered lightweight 
aggregates, with carbon emissions ranging from 47.40 to 201.17 kg CO2/t. Through systematic 
comparison, they demonstrated that this process could reduce the global warming potential by 31% 
to 84% compared to conventional landfill disposal, highlighting the significant carbon reduction 
potential of the solid waste recycling approach [77]. 

Future carbon emission reduction in ceramsite products requires a multi-path synergistic system, 
where the transition to a cleaner energy infrastructure, enhanced process efficiency, and optimized 
industrial chains jointly promoted the utilization of solid waste and the development of low-carbon 
building materials. 

 

Figure 2. System boundary for the life cycle carbon footprint analysis of ceramsite 
(Reproduced from Ref. [75] with permission). 

2.1.5. Comparison between solid waste-based ceramsite and natural ceramsite 

Solid waste-based ceramsite exhibited significant advantages over natural lightweight aggregate 
in terms of raw material characteristics, thermal efficiency, and environmental benefits. Regarding 
raw materials, the organic carbon and volatile components in solid waste-based ceramsite served as 
auxiliary fuels during sintering, reducing reliance on external fossil fuels. In contrast, natural 
lightweight aggregate, with its homogeneous composition, lacked self-supplying fuel capacity and 
depended entirely on external energy input. In thermal processes, although solid waste raw materials 
showed compositional fluctuations, multi-component blending and precise temperature control, 
combined with heat release from inherent combustible components, enhanced overall thermal 
efficiency. While natural aggregate demonstrated consistent composition and stable processing, its 
lack of endogenous energy supplementation resulted in a lower overall system efficiency ceiling. For 
waste heat utilization, the multi-stage high-temperature processes in solid waste-based ceramsite 
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production generated concentrated and substantial waste heat, enabling the establishment of efficient 
heat recovery systems for cascaded energy utilization. Natural aggregate processing, being simpler 
with fewer high-temperature stages, offered limited waste heat recovery potential. From a life cycle 
perspective, solid waste-based ceramsite eliminated the need for mineral mining and primary 
crushing, substantially reducing preliminary energy consumption and ecological disturbance while 
achieving waste valorization. Combined with the utilization of inherent combustibles and waste heat 
recovery, its carbon footprint was significantly lower than that of natural aggregate, demonstrating 
superior synergy between environmental protection and energy efficiency. 

2.2. Key factors influencing the performance of solid waste-based ceramsite 

2.2.1. Proportion of raw materials 

For sintered ceramsite, the raw material ratio governed the phase evolution and microstructure 
development during sintering by altering the Si/Al ratio and the silica-alumina content, thereby 
determining its final properties. The raw material formulation determined the performance of 
ceramsite by governing the phase evolution and structural development during sintering through 
adjustments in the Si/Al ratio and the total SA (SiO2 and Al2O3) content. A high Si/Al ratio, 
particularly when coupled with an increase in network modifiers, promoted the formation of 
abundant low-viscosity liquid phase [40]. This liquid phase effectively encapsulated gas bubbles to 
create pores, which drove the expansion of ceramsite and reduced its apparent density; concurrently, 
it filled surface pores, thereby lowering the water absorption of ceramsite. Conversely, a low Si/Al 
ratio favored the crystallization of strength-enhancing phases such as mullite, which directly 
improved the strength of ceramsite by reinforcing its crystalline framework. An excessively low total 
SA content resulted in an insufficient liquid phase, leading to densification shrinkage, an increase in 
density, and strength degradation due to poor particle bonding. In contrast, an excessively high SA 
content caused over-fusion, resulting in softening and deformation of the ceramsite. Only a moderate 
SA content facilitated the formation of an adequate liquid phase to promote sintering while ensuring 
sufficient crystallization of mullite, thereby achieving optimal strength [78–80]. According to the 
study by Liu et al., an increase in the Si–Al ratio of the raw materials led to the generation of a greater 
amount of liquid phase with reduced viscosity during the sintering of ceramsite. This change promoted 
the expansion of ceramsite, resulting in a decrease in AD and CS. Meanwhile, the escape of a small 
amount of gas from the low-viscosity liquid phase created some open pores, which caused a slight 
increase in WA [37]. According to the study by Zheng et al., when the content of clay (with 28.35% 
Al2O3) in the raw materials was low, it led to a weakened, porous, and inadequately consolidated 
structure in the ceramsite, resulting in decreased compressive strength and increased water 
absorption [53]. According to the study by Zhang et al., when the content of sludge (with 28.35% 
SiO2) in the raw materials was excessively high, the increased liquid phase and the release of gases 
led to denser ceramsite. However, over-firing resulted in an incomplete internal structure, making it 
prone to noticeable collapse and cracking, which significantly reduced the strength of the ceramsite [81]. 
For NSC, raw material systems typically utilized solid wastes with pozzolanic activity or 
cementitious potential, supplemented with cement as an additional binder. These components reacted 
during hydration to form C-S-H gel, thereby enhancing the strength of the ceramsite. In the design of 
the raw material mix, the properties and proportions of each component directly influenced the 
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microstructure and pore characteristics of the ceramsite, which in turn determined its density and 
water absorption. For instance, Xu et al. found that as the OPC (ordinary portland cement) content 
increased, the loose bulk density of the ceramsite initially rose and then declined, while the 
compressive strength continuously improved [71]. Similarly, Liu et al. demonstrated that with an 
increase in blast furnace slag content, both the compressive strength and compactness of the 
ceramsite increased, whereas the water absorption decreased significantly. This was attributed to the 
active components in the slag participating in hydration reactions, which effectively filled pores and 
refined the pore structure, thereby enhancing the densification of the system [82]. 

2.2.2. Additives 

In the preparation of ceramsite, additives referred to functional substances incorporated to 
regulate or optimize their physicochemical properties. Based on their mechanisms of action, they 
were categorized into pore-forming agents and activators. For sintered ceramsite, pore-forming 
agents generated gases through chemical reactions or physical decomposition during high-temperature 
sintering, thereby forming uniformly distributed pore structures within the ceramsite and reducing its 
density. Commonly used pore-forming agents included carbon powder (carbon powder participated 
in a redox reaction with Fe2O3, resulting in gas generation, as shown in Eqs 1–4. It also reacted with 
O2 and CO2 to produce gas, as indicated in Eqs 5 and 6), Fe2O3 (as shown in Eq 7), SiC (as shown in 
Eq 8), and solid wastes rich in carbon or volatile components (as shown in Eqs 9 and 10). For 
example, Sun et al. used CS (corn straw) and SiC as expanding agents in their study and found that, 
compared to CS, SiC exhibited better gas generation, resulting in a more developed pore structure [69]. 
Zhan et al. utilized SAD (secondary aluminum dross) as a foaming agent to produce lightweight 
ceramsite, where the AlN contained in SAD underwent oxidative decomposition at high temperatures, 
releasing N2 (as shown in Eq 11) and promoting the expansion of the foamed glass-ceramics [83]. 
Xiao et al. successfully prepared ultra-lightweight ceramsite using phosphate tailings as a foaming 
agent, in which dolomite and calcite decomposed at high temperatures to release CO2, effectively 
facilitating pore development and volume expansion [70]. Current research demonstrated that 
employing solid wastes as pore-forming agents not only contributed to the lightweight and 
functionalization of ceramsite but also provided a feasible pathway for developing environmentally 
friendly ultra-lightweight building materials, offering both environmental and economic benefits. In 
the preparation of NSC, activators promoted the dissolution and polymerization of active SiO2 and 
Al2O3 in the raw materials through an activation mechanism, forming a cementitious matrix with a 
three-dimensional network structure. This gel network interlocked and bound the raw material 
particles together at the microscopic level, while also optimizing the internal pore structure. 
Macroscopically, this structural transformation directly resulted in improved compressive strength 
and influenced the bulk density and water absorption of the ceramsite. For example, Wang et al. used 
NaOH as an activator to prepare ceramsite green pellets and found that as the NaOH concentration 
increased, the compressive strength of the green pellets also rose, reaching a maximum value           
of 12.34 MPa [57]. Chen et al. used QL (quicklime powder), NaOH, and SS (sodium silicate solution) 
as composite alkali activators to prepare ceramsite and found that NaOH not only enhanced the 
early-age strength contribution of QL but also worked synergistically with SS to promote sustained 
strength development, effectively compensating for the limitations of QL alone in strength 
development [84]. Similarly, Xu et al. employed a ternary activation system composed of cement, 
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quicklime, and gypsum, and observed that the synergistic effect of the three significantly increased 
the variety and quantity of hydration products. This system promoted hydration and carbonation 
reactions within the cementitious materials, thereby regulating the formation of the microstructure 
and holistically optimizing the physical and mechanical properties of the ceramsite [85]. 

2Fe2O3 + C4FeO + CO2         (1) 

2Fe2O3 + 3C4Fe + 3CO2          (2) 

Fe2O3 + C2FeO + CO              (3) 

Fe2O3 + 3C2FeO + 3CO               (4) 

C + CO22CO              (5) 

3C + O22CO + CO2            (6) 

2Fe2O34FeO + O2           (7) 

SiC + 2O2CO2 + SiO2              (8) 

CaCO3CaO + CO2            (9) 

CaMg(CO3)2CaO + MgO + 2CO2           (10) 

4AlN + 3O22Al2O3 + 2N2          (11) 

2.2.3. Curing process 

In the ceramsite preparation process, curing refers to the critical process step that transformed 
loose ceramsite green pellets into stable particles with specific mechanical strength. Sintered 
ceramsite employed thermal curing, while NSC relied on chemical curing. 

In the preparation of sintered ceramsite, the thermal curing regime served as a critical process 
step, primarily involving parameters such as preheating temperature, preheating time, sintering 
temperature, and sintering duration. The preheating stage was designed to effectively remove volatile 
components from the raw materials, preventing the violent release of gases during subsequent    
high-temperature sintering that could cause structural damage, thereby creating a stable reaction 
environment for the sintering process. For example, J. Manosa pointed out that insufficient 
preheating led to the rapid decomposition of volatile components in aggregates rich in waste sludge 
during sintering, releasing large volumes of gas that caused the brittle external structure of the 
ceramsite to crack, significantly compromising the integrity of the final product [86]. Preheating 
temperature and time had a notable impact on the final properties of the ceramsite. For instance, 
Shen et al. further observed that as the preheating temperature increased, the pellet strength and 
density of the ceramsite initially decreased and then increased, while water absorption first rose and 
then fell. Under a fixed preheating temperature, prolonging the preheating time resulted in an initial 
increase followed by a decrease in strength and density, whereas water absorption first decreased and 
then increased [44]. Liu et al. demonstrated that as the preheating temperature increased, the 
compressive strength of the ceramsite improved accordingly; however, when the temperature 
exceeded 400 °C, the strength began to decline. Meanwhile, extending the preheating time promoted 
strength development and reduced water absorption [64]. 
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In the preparation of sintered ceramsite (Figure 3), sintering temperature and sintering time 
served as critical control parameters that collectively determined the final properties of the ceramsite. 
When the sintering temperature fell below the melting threshold of the raw material system, the 
generated molten phase failed to fully encapsulate the raw material particles, and the decomposition 
rate of gas-producing substances was lower than the diffusion rate. As a result, neither sufficient 
internal gas pressure to support expansion nor a continuous molten network could be established. 
Under such conditions, two scenarios could occur: first, the ceramsite remained unsintered and 
unexpanded, exhibiting low strength and density; second, although partially sintered, it did not 
expand, resulting in improved strength but still substandard density, along with significantly high 
water absorption due to the lack of an effective surface glaze layer. When the sintering temperature 
was excessively high, an overabundance of molten phase was generated, leading to excessive filling 
of pores and over-densification of the structure. In severe cases, particle deformation or collapse 
occurred due to gravitational effects. Under these conditions, while the ceramsite might exhibit high 
strength, its density was too high, water absorption too low, and shape difficult to control, 
contradicting the goal of lightweight performance. When the sintering temperature remained within 
the appropriate range, a dynamic balance was achieved between the amount of molten liquid phase 
generated and the gas release rate. On one hand, the liquid phase sufficiently encapsulated the 
particles and formed a dense surface glaze layer, effectively trapping the escaping gases. On the 
other hand, moderate gas pressure created a uniform closed-pore structure within the viscous melt. 
Macroscopically, this was reflected as increased strength, moderate density, and reduced water 
absorption, achieving synergistic optimization of structure and performance. When the sintering time 
was too short, insufficient solid-state reactions and liquid phase formation prevented the effective 
development and expansion of gases, resulting in a loose ceramsite structure with low strength and 
increased water absorption due to the presence of open pores. When the sintering time was too long, 
exceeding the optimal duration for the raw materials, continuous liquid phase formation filled and 
sealed pores, leading to excessive densification and even particle softening and deformation. This 
process not only increased energy consumption but also caused a rise and subsequent decline in 
strength, overly low water absorption, and over-sintering. When the sintering time was appropriate, 
solid-state reactions proceeded sufficiently, and the liquid phase developed within a suitable range. 
Particles bonded densely through cohesion, while internally generated gases promoted uniform 
expansion of the ceramsite. Under these conditions, the ceramsite exhibited significantly enhanced 
strength, reasonably controlled density, and effectively reduced water absorption, achieving an 
optimal balance in performance. 

Sun et al. found that a solid-state reaction between CaO and SiO2 during sintering generated a 
high-strength and thermally stable wollastonite phase, which effectively enhanced the macroscopic 
strength of the ceramsite. However, when the sintering temperature increased to 1090 °C, the 
wollastonite content decreased, resulting in a reduction of the ceramsite strength. Simultaneously, the 
decomposition of calcite in the raw material released CO2 gas, which became trapped in the molten 
glass phase, forming numerous discrete micropores and thereby significantly reducing the apparent 
density of the ceramsite [48]. Xiao et al. found that increasing the calcination temperature caused 
phosphogypsum in the ceramsite to decompose, generating SO2. This gas decreased the surface 
tension of the melt, leading to thinning or even collapse of the pore walls, thus weakening the overall 
strength of the ceramsite. However, with prolonged sintering duration, the amount of liquid phase on 
the ceramsite surface gradually increased. The surface tension of the liquid phase caused solid 
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particles to move closer together, while the liquid phase further penetrated into the pores, effectively 
promoting the densification process and thereby enhancing the strength of the ceramsite [87]. Luo et al. 
observed that when the temperature reached 950 °C, the glass phase reaction in the system 
approached completion, manifested as a significant weakening of quartz diffraction peaks alongside 
enhanced intensities of anorthite and mullite diffraction peaks. This phase transformation promoted 
the formation of a Ca-Si-Al-based structural skeleton within the ceramsite, thereby effectively 
enhancing its mechanical strength and structural stability [88]. Li et al. found that when the 
temperature increased to 1200 °C, CaO, SiO2, and Al2O3 in the raw materials reacted to form 
crystalline phases such as quartz, anorthite, and mullite. However, as the temperature continued to 
rise, the diffraction intensities of all crystalline phases except quartz significantly weakened, leading 
to a decrease in the overall strength of the ceramsite. Simultaneously, the elevated temperature 
promoted the formation of a liquid phase on the ceramsite surface, which hindered the escape of 
internally generated gases and ultimately caused volume expansion [89]. 

 

Figure 3. Effect of the sintering temperature and duration on the surface morphology of 
ceramsite (Reproduced from Ref. [69] with permission). 

In the preparation of NSC, chemical curing was a critical step, with key conditions including 
temperature, humidity, and curing duration, which collectively determined the final properties of the 
ceramsite. The underlying mechanism lay in the direct influence of these parameters on the hydration 
process of cementitious materials (such as cement and fly ash) as well as on the composition and 
structure of hydration products (Figure 4). Specifically, temperature served as a key variable 
significantly influencing the kinetics of the hydration reaction: suitable temperatures accelerated the 
hydration process and promoted the formation of more hydration products like C-S-H gel; 
excessively low temperatures markedly slowed the reaction, leading to delayed early-age strength 
development; while overly high temperatures caused premature moisture evaporation, resulting in 
incomplete hydration. Humidity conditions determined the state of the reaction medium and played a 
crucial role in both the continuity of hydration and the evolution of the pore structure: under 
saturated humidity conditions, the hydration reaction proceeded sufficiently, and the resulting 
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hydration products effectively filled interparticle voids, thereby optimizing the pore structure, 
reducing total porosity, and decreasing the proportion of large pores. The curing period provided the 
necessary time for the aforementioned hydration reactions and microstructural evolution, ensuring 
that the desired degree of hydration was achieved and facilitating the stabilization of the 
microstructure and the development of properties [90]. Ding et al. found that under a curing 
condition of RH (relative humidity) ≥95%, the addition of an activator could provide sufficient OH 
and [SiO4]4, which rapidly reacted with Ca2+ and Al3+ to form C-A-S-H gel; the prepared ceramsite 
exhibited a cylinder compressive strength of 7.43 MPa [91]. Shahane et al. found that increasing the 
curing temperature of fly ash ceramsite from 65 to 75 °C resulted in an increase in compressive 
strength from 15 to 18 MPa [92]. Cao et al. found that when the curing duration was extended     
from 14 to 20 d, the bulk density of the ceramsite increased from 750 to 860 kg/m3; this was 
attributed to the substantial participation of moisture and gases from the air, which led to the ongoing 
hydration process [93]. 

 

Figure. 4. Alkali-excited ceramsite hydration mechanism diagram (Reproduced from Ref. 
[19] with permission). 

2.3. Curing mechanisms in solid waste-based ceramsite 

Current research on the ceramsite curing mechanism primarily focused on key microscopic 
processes, including phase evolution, structural formation, and morphological development. To 
systematically reveal the intrinsic mechanisms during ceramsite curing, this chapter analyzed the 
topic from three aspects: phase changes, structural formation, and mass transfer processes, with 
separate discussions on the curing mechanisms for both sintered and non-sintered ceramsite. 

2.3.1. Physical phase changes 

During the sintering process of ceramsite, Al2O3 and SiO2 underwent transformation and 
reorganization, forming a three-dimensional network skeleton structure primarily composed of       
Si-O-Si and Si-O-Al bonds, which provided fundamental structural support for the ceramsite. As the 
thermal reaction proceeded, components with poor thermal stability in the system were progressively 
transformed into more thermally stable mineral phases, generating various thermochemical products 
such as molten glass phase, mullite, feldspar phase, and pyroxene phase. These thermochemical 
products played distinct key roles at the microstructural level, collectively establishing the foundation 
for the macro-properties of the ceramsite. The molten glass phase acted as a high-temperature 
binding medium, not only facilitating mass transfer and reactions between particles through its 
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fluidity but also effectively bonding crystal grains upon cooling, significantly enhancing the overall 
structural compactness and interparticle bonding strength [94,95]. Mullite, with its excellent       
high-temperature stability and interwoven acicular crystal morphology, markedly improved the 
mechanical strength and creep resistance of the ceramsite [96]. The feldspar phase primarily served a 
filling and connecting role in the structure, contributing to the optimization of the phase composition 
and enhancing the overall thermal stability. The pyroxene phase exhibited a significant capacity for 
immobilizing heavy metal ions, stabilizing them within the crystal lattice and thereby reducing 
environmental risks. Additionally, other phases such as spinel phases could form in the system, 
further improving the high-temperature performance and chemical durability of the material. 
Through synergistic action at high temperatures, these thermochemical products collectively 
endowed the sintered ceramsite with excellent mechanical properties, thermal stability, and 
environmental safety. Zhang et al. found that with increasing temperature, new phases including 
albite, bytownite and anorthite formed during the sintering process, generating multiple silicate 
liquid phases that enhanced the bonding structure of the ceramsite and consequently improved its 
strength [81]. Li et al. studied the X-ray diffraction (XRD) patterns of ceramsites calcined at 
different temperatures and found that with increasing temperature, the crystal transformation of 
quartz into cristobalite constituted the ceramic skeleton, thereby enhancing the strength of the 
ceramsites [97]. Li et al. found that introducing an appropriate amount of SiC as a pore-forming 
agent during ceramsite preparation achieved dual functions of pore creation and matrix enhancement 
through the high-temperature oxidation reaction (Figure 5). CO2 generated pores to achieve 
lightweight, while the resulting SiO2 acted as an active silicon source promoting the formation of a 
glass phase and high-strength crystalline phases such as mullite. This compensated for strength loss 
while increasing porosity, leading to synergistic optimization of material properties. However, 
excessive SiC addition caused uncontrolled pore expansion, which compromised structural integrity 
and increased raw material cost [76,98,99]. Xu et al. found that when the sintering temperature 
exceeded 1100 ℃, the diffraction peak intensity of kyanite phase significantly increased while those 
of albite and diopside continued to rise, resulting in a system dominated by feldspar and pyroxene 
phases. The interwoven and intergrown microstructure thus markedly enhanced the compressive 
strength of the ceramsite [100].  
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Figure 5. Expansion mechanism diagram of ceramsite (Reproduced from Ref. [66] with 
permission). 

2.3.2. Structural formation 

The structural formation of ceramsite involved surface densification and the development of an 
internal pore structure. Riley pointed out that two fundamental conditions needed to be 
simultaneously satisfied for the expansion of raw materials during high-temperature sintering: a 
high-viscosity glass phase and sufficient gas-generating substances [33]. This was because the gas 
produced by gas-generating substances served as the basis for pore formation, with the number of 
pores directly influencing the degree of expansion of the ceramsite; meanwhile, the viscosity of the 
glass phase regulated the morphology and distribution of the pores: the more uniform the pores, the 
higher the internal structural strength of the ceramsite. As the calcination temperature increased, the 
proportion of the liquid phase in the system gradually rose, while its viscosity correspondingly 
decreased. It was noteworthy that an excessively high liquid phase viscosity hindered gas expansion 
and pore formation, whereas an overly low viscosity failed to effectively encapsulate the gas, leading 
to pore coarsening or collapse. Ideal structural formation relied on a dynamic balance between gas 
pressure and liquid phase viscosity; when the two approached equilibrium, a uniformly distributed 
pore structure could form inside the ceramsite. During the sintering process, the surface of the 
ceramsite heated at a faster rate than the interior, leading to the initial formation of a molten phase 
that was greater in quantity and higher in fluidity compared to that inside. The foaming behavior in 
the surface region became covered as the molten phase developed and its fluidity increased, thereby 
promoting the progression of the surface layer toward densification. Simultaneously, in the         
high-temperature environment inside the ceramsite, gas was captured and immobilized by the     
high-viscosity molten glass phase, forming pores through foaming. The extensive development and 
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distribution characteristics of these pores collectively constructed the internal pore structure of the 
ceramsite, whose abundance and morphological features directly determined the physical properties 
and application characteristics of the ceramsite. 

 

Figure 6. (a) Cross-sectional images of different ceramsites with a magnification of 40 
times, and (b) porosity values of ceramsites produced from different proportions of 
materials and firing temperatures (Reproduced from Ref. [48] with permission). 

Sun et al. conducted studies on the structure formation of ceramsite. Their analysis of the 
ceramsite microstructure revealed that the pores primarily originated from the CO2 gas released by 
the thermal decomposition of calcite, which formed a gaseous pore structure. However, with the 
increase in red mud (RM) content, the interfacial porosity of the ceramsite significantly decreased, 
leading to an increased degree of densification. This structural change was unfavorable for the 
development of lightweight properties in the ceramsite. The images in Figure 6, which depict the 
cross-sectional views of the ceramsite, were binarized and marked with blue lines to indicate the 
location and size of holes. Mi et al. observed through Scanning electron microscopy (SEM) analysis 
that the thermal decomposition of calcite and other components in the raw materials generated 
numerous micropores, most of which were subsequently filled by the liquid phase. This structure 
significantly enhanced the compressive strength of the ceramsites and effectively hindered the 
leaching of hazardous substances [80]. Qin et al. compared SEM images of ceramsites with different 
additives and found that samples with sawdust formed the largest pores due to organic matter 
combustion, resulting in the highest water absorption and apparent porosity, but the lowest cylinder 
compressive strength [61]. Wu et al. systematically studied the effect of MSWI (Municipal solid 
waste incineration fly ash) content on the microstructure of ceramsites and found that when the 
content was below 20 wt%, the ceramsites exhibited appropriately distributed pores, mostly filled by 
the liquid phase, which helped reduce water absorption. However, with further increase in MSWI fly 
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ash content, the pores expanded and interconnected into larger cavities, adversely affecting both the 
compressive strength and water absorption resistance of the ceramsites [55]. Pei et al. conducted 
Fourier-transform infrared spectroscopy (FTIR) spectral analysis on NEC (non-expanded clay) and 
found that the peak at 536 cm1 indicated the presence of a Si-O-Al structure, which contributes to 
the strength of ceramsite. 

2.3.3. Mass transfer 

According to G. C. Kuczynski’s sintering theory, powder particles undergo mass transfer and 
material migration during high-temperature calcination, leading to interparticle contact, a reduction 
in the specific surface area, and ultimately resulting in particle bonding and densification. In the 
ceramsite sintering process, this mechanism manifested as two distinct pathways: surface mass 
transfer and internal mass transfer. The molten glass phase formed under high temperature not only 
provided the driving force for viscous flow mass transfer, facilitating bulk material migration, but 
also created conditions for dissolution-precipitation mass transfer through the liquid phase. Surface 
mass transfer occurred primarily on the hotter surface of the ceramsite [101], where liquid phase 
flow filled surface pores and formed an aluminosilicate coating, effectively blocking the migration of 
reactive components and thereby significantly reducing the leaching risk of hazardous substances. 
The internal mass transfer process was more complex: on one hand, under capillary forces, 
unsintered fine particles, alkali metals, heavy metals, and other components underwent viscous flow 
through the glass phase; on the other hand, these substances (especially soluble components) 
dissolved into the molten glass phase and subsequently reprecipitated and crystallized on the surfaces 
of larger particles due to supersaturation. These dissolution-precipitation processes, together with 
material migration, collectively promoted particle coalescence and overall structural densification, 
thereby endowing the ceramsite with enhanced mechanical strength and chemical stability at the 
macroscopic level.  

According to multiple studies, mass transfer during ceramsite sintering directly governed the 
evolution of its internal structure and ultimately dictated its macroscopic properties. For instance, 
Sun et al. observed that RM particles and fine MSWI bottom ash particles migrated into larger 
MSWI bottom ash particles under capillary forces and crystallized there, which directly contributed 
to the construction and strengthening of the internal framework of the ceramsite [48]. Li et al. found 
that the liquid phase formed by rapid melting on the ceramsite surface not only promoted particle 
rearrangement and densification through viscous flow but also drove the migration of alkaline metal 
oxides toward the interior, thereby reducing the instability caused by alkali enrichment on the 
surface [102]. The comprehensive analysis by Mi et al. further revealed that the aluminosilicate 
framework formed during mass transfer effectively encapsulated heavy metals, while SEM results 
confirmed that liquid phase filling pores significantly optimized the pore structure (Figure 7).         
Pei et al. observed through SEM examination of the ceramsite microstructure that mass transfer of 
liquid phase with sufficient viscosity captured gases, forming semi-enclosed spherical pores, which 
contributed to the reduction of water absorption [103]. 
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Figure 7. SEM images of (a) outer surface and (b) cross section of ceramsite prepared 
under optimum synthetic conditions (Reproduced from Ref. [80] with permission). 

3. Application of solid waste-based ceramsite in lightweight concrete 

3.1. Building materials 

Due to its low density, high strength, low thermal conductivity, and good fire and heat 
resistance, ceramsite was widely used as a lightweight aggregate to produce LWHSC. This type of 
concrete exhibited excellent performance in strength, density, and thermal insulation, making it 
particularly suitable for fields requiring high comprehensive performance requirements.  

The primary application lay in structural self-insulation and energy conservation. Ceramsite was 
characterized by low thermal conductivity and good heat resistance. Lightweight concrete prepared 
using ceramsite as aggregate served as thermal insulation wall material. It functioned by inhibiting 
heat exchange between the interior and exterior to regulate indoor temperature, thereby achieving 
building energy efficiency. For instance, foam concrete prepared by Wang et al. using ceramsite as 
aggregate exhibited excellent compressive performance and primarily played a role in absorbing 
energy for structural protection [104]. Wang et al. developed a concrete using paraffin-impregnated 
ceramsite as aggregate, which exhibited remarkable energy storage and thermal regulation 
capabilities, making it highly suitable for building thermal management [105]. The heat-storage 
concrete developed by Li et al., which incorporates phase-change ceramsite sand as aggregate, 
exhibited promising potential for energy conservation and renewable energy utilization [106]. The 
foamed concrete laminated composite floor slabs prepared by Liu et al., utilizing ceramsite as 
aggregate, exhibit the characteristics of being lightweight and excellent thermal insulation 
performance, rendering them suitable for thermal insulation purposes [107]. The thermal insulation 
concrete was prepared by Wang et al., utilizing ceramsite as the aggregate. They investigated the 
impact of sand ratio and sandwich layer thickness in composite wall panels on its thermal 
conductivity, demonstrating its potential as a viable material for thermal insulation purposes [108]. 
Zeng et al. utilized composite ceramsite as an aggregate in the production of concrete blocks and 
employed it as the primary building material for energy-efficient self-insulated exterior wall 
enclosures, achieving a 50% reduction in energy consumption compared to target requirements [109]. 
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Li et al. utilized ceramsite derived from paper sludge as an aggregate to fabricate lightweight 
concrete for application in self-insulated walls, demonstrating its compliance with the design 
standards for energy conservation in residential buildings located in regions with severe cold and 
cold climates (JGJ26-2018) [110]. 

Secondly, lightweight high-strength ceramsite was applied in both the renovation of existing 
buildings and new construction, owing to its low density and the excellent workability of the 
resulting concrete. The lightweight concrete prepared with it significantly reduced structural load, 
thereby enabling renovations without imposing additional load on the original foundation and 
markedly improving the overall performance of the renovated sections. For instance, Zhu et al. 
produced all-lightweight ceramsite concrete using ceramsite as aggregate and applied it as a repair 
material for ordinary concrete. Through splitting tensile tests, they systematically investigated the 
interfacial tensile performance between the two types of concrete, demonstrating the feasibility of 
using lightweight concrete as a repair material [111]. Zhou et al. employed ceramsite as the 
aggregate for fabricating lightweight concrete, thereby effectively addressing the challenges 
associated with adding floors and extracting columns during the reinforcement and renovation of 
existing buildings [112]. 

The subsequent application was in precast components. Owing to its comprehensive advantages 
of low self-weight, high strength, and excellent workability, ceramsite was used as a lightweight 
aggregate to produce concrete that was well-suited for the industrial production of precast elements. 
Consequently, this type of lightweight concrete was widely employed in manufacturing various  
load-bearing and non-load-bearing precast members. For example, Sun et al. mixed high-titanium 
heavy slag with different types of ceramsite and used them as aggregates to produce lightweight 
ceramsite high-titanium heavy slag concrete for prefabricated composite panels [113]. Zhang et al. 
utilized desert sand ceramsite as an aggregate in the production of concrete, enabling the development 
of novel lightweight load-bearing wall materials with commendable energy-saving and thermal 
insulation properties [114]. Zhao et al. fabricated load-bearing prefabricated building block components 
by incorporating Dongguan Fansing Factory ceramsite as aggregate, achieving concrete with strength 
class LC35 and density class 1900 [115]. Zheng et al. employed a lightweight concrete mixture 
incorporating a reduced volume of shell structural ceramsite as an aggregate for non-load-bearing 
structures [116]. Bu et al. employed waste rubber ceramsite as aggregate in the production of 
lightweight wall panels, resulting in a significant reduction in the structural weight of buildings [117].  

Finally, ceramsite lightweight concrete found applications in other fields as well. Lightweight 
high-strength ceramsite, with its excellent washout resistance and chemical stability, enabled the 
prepared concrete to maintain durability in harsh environments, making it suitable for infrastructure 
projects with high durability requirements. Furthermore, this type of concrete also demonstrated 
certain electromagnetic shielding capability and was consequently employed in applications 
requiring protection against electromagnetic interference. For example, Gao et al. investigated the 
use of ceramsite as aggregate to produce permeable concrete, which could be employed in 
sustainable and durable infrastructure projects [118]. The study conducted by Li et al. utilized 
ceramsite as an aggregate to fabricate permeable concrete, which exhibited potential applications in 
stormwater management and various infrastructure projects [119]. He et al. employed iron oxide 
ceramsite as an aggregate to fabricate wave-absorbent cementitious composites, which exhibit 
promising potential in safeguarding civil and military structures against electromagnetic interference, 
thereby offering a prospective application [120]. 
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3.2. Mine roadway support 

Lightweight high-strength ceramsite exhibited low density, excellent fire resistance and seismic 
performance, a low elastic modulus, and good corrosion resistance. Based on these properties, the 
lightweight concrete prepared with it as aggregate demonstrated good comprehensive 
physicomechanical characteristics, and its strength met the support requirements for underground 
roadways. This enabled it not only to fulfill the substantial demand for concrete materials in mine 
support but also to utilize industrial waste, aligning with the concept of green mining. Consequently, 
ceramsite lightweight high-strength concrete showed broad application prospects in mine 
underground support engineering. For example, Song et al. designed a ceramsite-rubber-fiber 
shotcrete with high thermal resistance and crack resistance using low thermal conductivity ceramsite 
as aggregate, addressing the significant shrinkage cracking of primary support shotcrete in          
high-geothermal mountain tunnels and deep hot mine roadways [121]. Chen et al. utilized ceramsite 
as an aggregate to prepare concrete. They reported that this concrete offered expedited and enhanced 
support for roadways, thereby providing scientific evidence and references for the application of 
ceramic concrete in coal mine shafts. The study conducted by Li et al. utilized fly ash ceramsite as an 
aggregate to formulate LC20 strength concrete, demonstrating its suitability for roadway support 
conditions in coal mines [122]. Wang utilized ceramsite as an aggregate in the preparation of 
lightweight high-strength concrete to fulfill the requirements for support strength, enabling its 
application in underground rocky roadway support with excellent effectiveness. Furthermore, this 
study provided scientific and effective technical parameters to promote the utilization of ceramic 
concrete in supporting rocky roadways [123]. Huang et al. utilized ceramsite as a lightweight 
aggregate to fabricate thermal insulation shotcrete, which demonstrated remarkable compatibility for 
withstanding high temperatures and providing reliable support for roadways in the surrounding rock 
of deep mines [124].  

3.3. Marine engineering and construction 

Marine engineering structures faced severe challenges during construction, including tidal 
impact and seawater corrosion (particularly chloride ion erosion). Lightweight high-strength 
ceramsite served as an ideal lightweight aggregate due to its high strength and excellent resistance to 
acid and alkali corrosion. The lightweight concrete prepared with it not only exhibited impact 
resistance, corrosion resistance, and good workability but also demonstrated exceptional resistance to 
chloride ion penetration. This effectively protected the internal steel reinforcement from corrosion, 
thereby significantly enhancing the structure’s durability and service life in harsh marine 
environments, making it fully suitable for marine engineering construction. 

In bridge construction, LWHSC incorporating ceramsite as a lightweight aggregate can be 
utilized for the paving layer of the bridge deck, as well as for the renovation and expansion of 
existing bridges. Notably, LWHSC has been employed in prominent projects such as the Chesapeake 
Bay Bridge in the United States (spanning 6500 m) and the Rhine River Bridge in Cologne, 
Germany (with a main span of 185 m). Additionally, LWHSC was successfully implemented in 
Norway’s record-breaking pre-stressed concrete continuous rigid bridge span measuring 298 m [125]. 
Li et al. employed shale and clay ceramsite as the aggregate during the production of lightweight 
high-strength concrete, rendering it suitable for offshore structures to endure the challenging 



1199 

AIMS Materials Science  Volume 12, Issue 6, 1176–1214. 

circumstances of marine environments [126]. Research by Wang et al. indicated that concrete-filled 
FRP tube (CFFT) members utilizing seawater coral aggregate concrete (SCAC) instead of ordinary 
aggregate concrete (OAC) held great promise for marine engineering. The key mechanism was that 
the fiber-reinforced polymer (FRP) tube’s resistance to chloride ion penetration addressed the 
fundamental issue of SCAC’s poor corrosion resistance, making these composites an ideal 
alternative for piles and columns in corrosive marine settings [127]. Liu et al. developed concrete 
using coral aggregate, having average compressive and flexural strengths of 116.76 and 18.24 MPa, 
respectively. It was applicable for marine engineering and remote island construction [128]. 

3.4. Construction of highway foundations 

In highway engineering, the pavement after completion needed to effectively block the transfer 
of surface temperature under both hot and cold conditions to prevent thermal disturbance-induced 
instability and damage to the underlying permafrost subgrade. Therefore, enhancing the thermal 
insulation performance of the pavement structure became a key technical issue in permafrost region 
highway construction. In this context, lightweight high-strength ceramsite concrete exhibited 
significant application advantages: its inherent low thermal conductivity provided the pavement with 
excellent insulation properties; at the same time, its good freeze-thaw resistance, impermeability, and 
resistance to water scour collectively ensured long-term durability and structural integrity of the 
pavement under harsh environmental conditions, making it highly suitable for construction in special 
areas such as permafrost regions. The study conducted by Yuan et al. highlighted that incorporating 
phase change materials and ceramsite as aggregates in pavement mixes exhibited excellent thermal 
resistance, effectively mitigating the rapid degradation of pavements under high-temperature 
conditions [129]. Chen developed a lightweight aggregate concrete by incorporating fly ash 
ceramsite as aggregates, demonstrating its remarkable ability to effectively reduce the heat transfer 
coefficient. This innovative approach not only achieves the desired goals of insulation and frost 
protection but also holds great potential for application in specialized highway construction [130]. 
Han et al. investigated the road performance of fly ash ceramsite concrete and found that it had lower 
thermal conductivity and permeability, higher freeze-thaw resistance, and sufficient wear resistance 
compared to ordinary concrete, demonstrating its application value in highway engineering [131]. 

4. Solidification strategies and clean production pathways for ceramsite 

The presence of heavy metals in solid waste restricted their resource utilization. Currently, 
heavy metal treatment primarily relied on extraction and solidification/stabilization techniques. 
However, due to the complex composition and relatively low heavy metal content of most solid 
wastes, extraction methods often proved economically and technically inefficient. Consequently, 
solidification/stabilization became the preferred approach for such waste treatment. For sintered 
ceramsite, high-temperature pyrolysis served as a common technical method for solidification. When 
the temperature exceeded 1000 °C, the solidification effect of heavy metals became particularly 
significant. Most heavy metals could be stably fixed in the residue during pyrolysis. The             
high-temperature sintering process generated new phases including glass phase and pyroxene phase. 
The glass phase immobilized heavy metals through physical encapsulation within its network 
structure, while the pyroxene phase fixed heavy metal ions in the crystal lattice via isomorphous 



1200 

AIMS Materials Science  Volume 12, Issue 6, 1176–1214. 

substitution [49,132,133]. Additionally, some systems were capable of forming geopolymer 
structures, which achieved the stabilization of heavy metals through adsorption, encapsulation, and 
ion exchange (Figure 8). During the sintering process, the heavy metals in solid waste were 
transformed from more active forms (such as exchangeable and reducible forms) into more stable 
forms (such as oxidizable and residual forms), thereby significantly reducing their leaching 
concentration and leaching toxicity and enabling the final ceramsite products to meet safety standards. 
For NSC, cementitious materials like cement were primarily employed. The core mechanism 
involved hydration reactions that generated products such as calcium silicate hydrate (C-S-H) gel 
and ettringite, which immobilized heavy metal ions within the matrix through adsorption, 
encapsulation, chemical precipitation, and ion exchange (Figure 9). The evaluation of heavy metal 
leaching rates could be conducted with reference to the Identification Standards for Hazardous 
Waste-Identification of Leaching Toxicity and the Technical Specification for Co-processing Solid 
Wastes in Cement Kilns, with the leaching concentration limits for various heavy metals provided in 
Table 3. 

 

Figure 8. Heavy metals immobilization mechanisms in sludge biochar ceramsite 
(Reproduced from Ref. [136] with permission). 

The aforementioned sintering-based solidification mechanism was well validated in practical 
applications. For instance, Pei et al. sintered ceramsite from red mud and waste wood chips              
at 1125 °C, and found that the leaching concentration of sodium ions-the primary harmful element in 
red mud-was only 12.3 mg/L, significantly lower than that of the original red mud (460 mg/L) [102]. 
Ke et al. demonstrated that using a raw material formulation of 65% MCS (metal-contaminated   
soil), 25% CG (coal gangue), 5% sodium metasilicate, and 5% borax to produce ceramsite, followed 
by sintering at 1000 °C, achieved immobilization rates exceeding 90% for Cu, Mn, Ni, and Zn. The 
resulting products complied with the GB/T 30760-2024 standard for leaching toxicity [73]. Liu et al. 
produced ceramsite from desert sand and fly ash sintered at 1125 °C, and found that the solidification 
rates of Cr, Ba, Zn, Cu, etc., exceeded 98%, demonstrating excellent stability and solidification 
capacity for heavy metals [134]. Xu synthesized NSC using fly ash, GGBFS (ground granulated blast 
furnace slag), and FGDG (flue gas desulfurization gypsum) with cement as an additive. This resulted 
in a reduction of the leaching rate of Cr from 2.54% to 0.15%. The Cr was originally present in high 
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content in DFA (dechlorinated municipal solid waste incineration fly ash) and its leaching concentration 
from 0.5388 to 0.0088 mg/L, representing decreases by approximately 16-fold and 60-fold, 
respectively [135]. Han et al. prepared NSC using a 100% raw material system comprising             
PT (phosphate tailing), FA (fly ash), SR (soda residue), and GGBS (granulated blast furnace slag). 
The release concentrations of Cd, Pb, Cr, Ni, As, and Cu were all far below the permissible 
regulatory limits [46]. Ceramsite produced via mature processes exhibited effectively controlled heavy 
metal leaching concentrations within the national standard limits, demonstrating that its application 
as lightweight aggregate in engineering projects provided reliable assurance of environmental safety. 

 

Figure 9. The coupling mechanism of heavy metals in unburned ceramsite (Reproduced 
from Ref. [137] with permission). 

Table 3. Standard for heavy metal leaching from solid waste ceramics. 

Ceramsite 
standard 

Item (mg⋅L1) Heavy metal Ref. 

 Cd Cr (VI) As Hg Cu Zn Pb Ba Ni [143] 

Control limit ≤1 ≤15 ≤5 ≤0.1 ≤100 ≤100 ≤5 ≤100 ≤5 

During the sintering process of solid waste ceramsite, a comprehensive multi-level control 
system was established for pollutants such as dioxins (emission limit: 0.1 ng TEQ/m3), volatile heavy 
metals, NOx (emission limit: 300 mg/m3), and Cl (emission limit: 60 mg/m3) present in raw materials 
including municipal solid waste incineration bottom ash and sludge. Dioxins were efficiently 
decomposed and their formation was suppressed through the synergistic effect of high-temperature 
retention (≥850 °C) and a high sulfur-to-chlorine ratio (S/Cl ≈ 20) in the raw materials (Figure 10). 
Heavy metals were stabilized and solidified within the ceramsite matrix during high-temperature 
sintering, with volatile components being further treated by flue gas purification technologies such as 
activated carbon adsorption. The NOx emission concentration (approximately 471.6 mg/m3) was 
inherently lower than the national standard, and mature deep treatment technologies were available 
to ensure further reduction. MSWI fly ash, which contained chloride salts, underwent hydrothermal 
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desalination pretreatment to remove a significant amount of soluble chlorides, thereby preventing it 
from providing a chlorine source that could drive low-temperature dioxin synthesis during sintering 
and cooling. By combining raw material pretreatment (e.g., microwave decomposition, chemical 
stabilization) with end-of-pipe treatment processes, the final emission concentrations of all pollutants 
were well below the strictest EU and national limits, demonstrating that pollutant emission risks 
from the solid waste ceramsite sintering process were comprehensively and effectively controlled 
under standard operating conditions [138–140]. Qiu et al. demonstrated that after microwave 
treatment at 220 °C for 2 h with 10 wt% Na2HPO4 as an additive, the degradation efficiency of 
PCDD/Fs in MSWI fly ash (initial total concentration: 180882 pg g1) reached 91.8%, and its 
toxicity equivalent (WHO-TEQ) was correspondingly reduced to 0.255 ng kg1 [141]. Additionally, 
Yang et al. confirmed that the high chloride salt content (32.28% of the MSWI fly ash) was a key 
factor driving dioxin synthesis. Through a pre-washing process, 83.05% of the soluble chlorides 
were effectively removed, reducing the chloride salt content significantly to 5.47%, thereby 
suppressing dioxin formation at the source [142]. 

 

Figure 10. (a) the leaching concentration of heavy metals in ceramsite before and after 
sintering; (b) the total amount and types of dioxins in MSWI fly ash and sintered 
ceramsite; (c) dioxin inhibition mechanism of process system (Reproduced from Ref. 
[142] with permission). 



1203 

AIMS Materials Science  Volume 12, Issue 6, 1176–1214. 

5. Conclusions and outlook 

This review systematically analyzes the preparation, performance regulation mechanisms, 
applications, and environmental benefits of solid waste-based ceramsite, leading to the following key 
conclusions: 

(1) Solid wastes exhibit great potential as functional components: in addition to serving as raw 
materials for ceramsite production, they can act as highly efficient pore-forming agents. Through 
synergistic preparation strategies, this approach facilitates the development of lightweight ceramsite 
while converting wastes into value-added products, thereby achieving dual objectives of environmental 
management and resource valorization. 

(2) The environmental advantages of solid waste-based ceramsite are manifested throughout its 
life cycle: it enables large-scale consumption of various solid wastes at the source; effectively 
immobilizes heavy metals and other hazardous substances during processing via high-temperature 
sintering or chemical bonding; and demonstrates significant reduction potential in energy 
consumption and carbon footprint in the final product compared to natural aggregates, particularly 
through the utilization of inherent energy in solid wastes and process optimization. 

(3) Sintered and non-sintered ceramsite technologies exhibit complementary characteristics: 
sintered ceramsite offers the advantage of simultaneously achieving high strength and low water 
absorption through the formation of liquid and crystalline phases at high temperatures, with broad 
performance tunability and mature technology. In contrast, NSC is characterized by low energy 
consumption, low carbon emissions, and simple processing. However, its strength development 
typically relies on the formation of cementitious products, resulting in gaps in absolute strength and 
durability compared to high-performance sintered ceramsite. 

(4) The macroscopic properties of ceramsite (density, strength, water absorption) are not 
independent parameters but are collectively governed by its internal multiscale structural 
characteristics, including phase composition (e.g., glass phase, mullite), pore structure (amount, 
morphology, distribution), and interfacial bonding state. Understanding this structure-performance 
relationship is fundamental to the precise regulation of ceramsite performance.  

Based on current research consensus and gaps, the following future research directions are 
proposed: 

(1) Current studies predominantly focus on enhancing individual properties of ceramsite (e.g., 
strength or density). Future work should strengthen research on the intrinsic mechanisms governing 
the interdependent relationships among key properties such as density, strength, and water absorption, 
enabling synergistic performance regulation through multi-objective optimization. 

(2) There is a lack of systematic data on the long-term durability and in-service performance of 
solid waste-based ceramsite concrete under realistic conditions, such as complex stress states, wet-dry 
cycles, and freeze-thaw erosion. There is an urgent need to conduct long-term monitoring and 
accelerated testing to establish predictive service life models, providing reliable design basis for 
engineering applications. 

(3) Efforts should be directed toward developing novel, highly efficient low-temperature 
activators and optimizing curing regimes to significantly improve the early-age strength, ultimate 
strength, and dimensional stability of NSC, thereby narrowing its performance gap with sintered 
ceramsite and consolidating its low-carbon advantages. 
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