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Abstract 
 

Cenospheres are hollow spherical particles obtained from thermal power 

plants fuelled by coal. Cenospheres have been applied as fillers in the 

production of lightweight cement composites due to its low density. 

Researchers are currently working on expanding the its applications. In this 

paper, the characterisation and chemical composition of the cenosphere is 

briefly discussed. The outcome of the various research works regarding the 

feasibility of utilizing cenosphere in concrete has been systematically 

reviewed. The mechanical, functional, and structural properties of cement-

based composites containing cenospheres are discussed. Higher-strength can 

be obtained in the lightweight composites by modifying percentage 

proportions of the cenosphere along with supplementary cementitious 

materials. This paper also suggests potential applications for it in the future. 
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1 Introduction 
 

  The flowability of the cement paste, which is regulated by the 

water/cement (W/C) ratio, is the primary determinant of the consistency of a  

concrete matrix. Besides, a type of supplementary cementitious material 

(SCM) added. Nowadays, industrial by-products have been utilized as an 

alternative for cementitious material. Worldwide, coal is used to produce 

electricity. Thermal power plants contribute about 42% of global electricity 

supply. This figure is projected to grow by 2% in 2030. Coal-fired boilers are 

used to produce steam, which is then used to generate electricity. Pulverized 

coal is pumped into the boiler's furnace. As a by-product of coal combustion 

in thermal power plants, a massive amount of fly ash is formed. [1,3]. Except 

for volatile elements, the major contents available in coal is found in fly ash. 

It is assessed that nearly 740 million tonnes of fly ash produced worldwide, 

with an increasing rate. Due to the lesser availability of landfills, dumping 

becomes a huge problem and improper disposal of this by-product cause 

serious environmental threat; hence, many value-added applications have 

been suggested. Fly ash has been used as a secondary cementitious ingredient 

in concrete and has been partly substituted for cement. The utilization of fly 

ash with Portland cement considerably reduces the heat of hydration. On the 

parallel rail, CO2 emission also considerably reduced when fly ash blended 

with cement [7,8,10].  

Utilisation of fly ash not only eliminates waste but also improves the 

mechanical and stability properties of the concrete matrix, with the added 

benefit of reduced unit weight. The incorporation of fly ash potentially 

enriches the thermal insulation, as well. In thermal power plants, along with 

fly ash, sumptuous quantity of residual waste are also produced. One such 

residue waste is the cenosphere. Cenospheres are hollow aluminosilicate 

spherical particles generated as a by-product of thermal power plants along 

with fly ash [2,9,13,17]. The most critical value-added element present in fly 

ash is cenospheres. Generally, the cenosphere has been separated from fly 

ash to increase the reuse potential of fly ash. It consists of thin-walled 

microspheres that are slightly larger (10µm – 400µm) than fly ash and have a 

relative density of less than one.. The lesser density of the cenosphere 

becomes a great advantage for using it in lightweight structural components 

production. Silicious content present in the cenosphere enhances durability as 

well [2,11,15].  

Cenosphere is an idle and empty microsphere made of silica and 

alumina, encasing inactive gas or air. These are 75% lighter than commonly 

used filler materials such as talc, calcium carbonate and clay. Due to inferior 

bonding between the hydrophilic polymer and cenospheres compounds, 

inferior mechanical properties were observed in polymer-cenospheres 

composites. Hence, tetrasulphane modified cenosphere is preferred as 

reinforcing filler. By and large, cenospheres were more durable against  
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alkali-silica reaction. At 28–30°C, smaller cenospheres exhibited less 

pozzolanic reactivity. Significant pozzolanic reactivity was observed with 

aluminium tobermorite at 80°C [Ca5Si5Al(OH)O17⋅5H2O] [20,22,23]. 

Cenospheres have several unique properties that give various prospects to use 

them for numerous innovations. Cenospheres are ideal for a wide variety of 

applications due to their unique properties, which include lightweight, high 

compressive strength, improved flow characteristics, better insulation, lower 

water absorption, chemical limpness, and higher thermal resistance. [14,16]. 

This review focuses on the development mechanism of cenospheres, their 

properties, and their possible applications in the preparation of lightweight 

structural components. 

 

2 Chemical Composition of Cenosphere   
  

 Before using coal in the combustion process, the efficiency of minerals 

is activated at high temperatures for transformation. When coal subjected to 

heat, the organic compound gets burnt and the temperature is raised 

consequently. Dehydration, decarbonatization, and dehydroxylation occur 

from the transition of cations, silicates, and carbonates. The substance has an 

aluminosilicate structure with several crystalline phases at a low melting 

temperature. [5,6,13]. Cenospheres are segregated from fly ash and consist of 

three substances namely organogens, crystalline and amorphous material. 

The microcrystalline additives are composed of mullite, lime, periclase, 

sodalite, hematite, quartz, feldspars and anhydrite, ferrite, and calcium 

ferrites relying on the mineralogy of coal. 

 
Figure 1 Chemical composition of fly ash and cenosphere a) Complete 

diagram; b) Magnified diagram [50]. 

 

The key elements of cenospheres are aluminosilicate with the presence of 

Ca, Mg, Fe, K and LOI. Fly ash and cenospheres comprises of following 

major oxide groups: sialic: SiO2 + TiO2 Al2O3; calcic: CaO + Na2O + MgO +  
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K2O + . The Chemical composition of the cenosphere is almost the same as 

fly ash as plotted in Fig.1 since it is a part of fly ash. As observed, fly ash and 

cenospheres can be divided into subgroups based on their chemical 

composition: Sialic, Ferrocalsialic, Ferrosialic, Calsialic, Ferrocalcic, and 

Calcic. [12,13,50].  

Since the mineral distribution of the coal is not necessarily 

homogeneous, a wide variety of chemical compositions can be observed. 

Moreover, to increase the efficiency of burning, coal is added with additives. 

The specific composition depends on the properties of raw coal used for 

combustion at 1400-1700ᵒ C. Chemical content comparison of cenosphere 

and fly ash shown in Fig. 2 [50].  

SiO2 and Al2O3 jointly form the major portion; nearly 90% of the 

volume, whereas CaO and other mineral oxides are present in trivial 

quantitites. The phase-mineral compositions of the cenosphere obtained by 

X-ray diffraction are shown in Fig. 3. In the patterns observed under XRD, 

amorphous silica minerals such as quartz and cristobalite have been found. 

Mullite and alumina were also identified, but alumina is the most abundant 

mineral in the cenosphere. [52,53,54]. 

 

 
 

Figure 2 Chemical content comparison of cenosphere and fly ash [50] 
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Figure 3 XRD pattern of cenosphere [52,53,54] 

 

3 Physical Properties of Cenosphere 
 
 Individual cenosphere particles vary in size from 5µ to 500µ, with a 

significantly increased frequency of appearance of particles of size 20µ and 

300µ. Cenospheres are hollow particles with their shell ranging in size 

between 1µ to 18µ, covered on either side by a thin glass film of a few 

nanometers thickness. The variation in the thickness of film and shell, 

chemical composition of them and their adherence to cenospheres of different 

classes with different magnetic and optic properties.  

 Based on the presence of ferric oxide in the shell and film of the 

cenosphere, it can be classified into magnetic and non-magnetic cenosphere. 

Depending on the size of the ferric oxide particles and their crystallization 

state, they can exist either in a superparamagnetic state or as diamagnetically 

diluted. Non-magnetic cenospheres are found to have a proportionally large 

concentration of aluminium oxide and silica in their shell and film, rendering 

them non-magnetic. It has been observed that the latter category of the 

cenosphere has thicker shells when compared to the former. This might be 

due to the increased silica content in the latter shells, as the Vanderwaals 

ionic radius of Si-ion is greater than that of Fe-ion [50,51]. 

 The above-mentioned categorization of the cenosphere is dependent on 

the presence of ferric compounds in it. These can be further subdivided based  
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on their optical properties such as transmittance and retention of light. 

Magnetic cenospheres can be categorized based on the uniformity of the 

reflection pattern of light from its surface. Based on the reflection of light 

they can be found to have a smooth shell or spotted shell, as shown in Fig.4b 

[50,51]. The spots in the shell can be black, brown, grey and white 

inclusions. Non-magnetic cenosphere can be viewed as transparent, grey and 

dark in form, as shown in Fig.4a [50,51]. The transparent cenosphere, as its 

name suggests, is observed to have solid thin shells and a smooth surface. A 

translucent and porous shell with a rough surface are characteristics of the 

grey cenosphere. Dark cenospheres have a more porous surface than grey 

ones, with outgrowth on their surface. They completely scatter the light 

incident on them, giving more of an opaque and dark appearance. 

 

 
 

Figure 4 Morphology of cenosphere a) Nonmagnetic particles b) Magnetic particles 

[50, 51] 

 

4 Cenosphere as an Effective Ingredient in Cement-based 
Composites 

 

The morphology and chemical composition of cenospheres allow us to 

create cement-based composites that can be used in the building of 

lightweight concrete structures. The primary benefit of this composite over 

conventional composites would be its lower density. The mechanical 

properties of concrete are significantly controlled by its water content. 

Moisture transport through voids causes degradation of  building materials 

[18,20]. The specific properties of cenospheres reduce the ingress of water 

and reduce the entrainment of chloride and sulphate ions. Higher resistance 

against chloride and sulphate ions penetration improves the durability of the 

concrete. Due to the spherical shape's low surface area to volume ratio, less 

binder and water are required to wet out the surface. [10,21]. Perforated 

cenosphere also acts as a curing agent internally and it preserves up to 150 

wt.% water. Usage of the cenosphere gradually reduces the autogenous 

shrinkage of Portland cement [22,24]. 
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4.1 Mechanical Properties of Cenosphere composites 
 

The use of lightweight aggregate in concrete has several benefits instead 

of normal weight aggregates. Lightweight aggregate generally exhibits more 

brittle behaviour in concrete without detrimental to the compressive strength 

due to the weaker lightweight aggregates with the same cement content. 

Usage of lightweight aggregate for structural applications mainly depends on 

mechanical properties [23,27]. As a consequence, the mechanical properties 

recorded in previous research, such as compressive power, elastic modulus, 

tensile and flexural strength, have been outlined in the following pages. 

 

4.1.1 Compressive Strength of Cenosphere Composites 
 

Compressive strength is the most important mechanical property for 

cement-based composites since it is consistent with other mechanical 

properties such as flexural strength, abrasion resistance, fracturing tensile 

strength, fatigue, modulus of elasticity.  In comparison to other lightweight 

aggregates, cenosphere has a low density and a sufficiently higher strength. 

The compressive strength of cenosphere incorporated concrete reported by 

several researchers is furnished in Table 1. Compressive strength of 

cenosphere incorporated concrete mainly depends on mix proportion and 

water to binder ratio. Losiewicz et al. [17], utilized lightweight aggregates to 

produce lower density composites, they observed that compressive strength 

of the concrete was inversely proportional to quantity of cenosphere 

incorporated into concrete [25,27]. 

 
Table 1 Compressive strength of cenosphere incorporated lightweight concrete 

reported in the literature (28 day age) 

 
Reference w/b ratio Compressive strength (Mpa) 

Hanif et al. 0.4 30.38 

Blanco et al. 0.30 32.13 

Huang et al. 0.26 44.3 

Wu et al. 0.56 33.1 

Liu et al. 0.35 58.6 

Wang et al. 0.29 22.2 

 

Blanco et al. [10] produced a low-density composite with a density of 

1496 kg/m
3
. The compressive strength of the composite was 32.13 MPa.. 

Their research increased the interest of other researchers working on 

lightweight concrete, but lesser strength attainment downcast their use. 

Furthermore, it has been discovered that cenosphere mixed with silica fume, 

fly ash, and GGBS has high mechanical strength [30,31]. Few researchers 

tried to minimise the density of lightweight composites by combining  
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cenosphere with other lightweight aggregates, but they discovered that the 

density reduction proportional to the strength was not acceptable [33]. 

 

4.1.2 Flexural Strength of Cenosphere Composites 
  

Clarke observed [32] that lightweight concrete has less resistance against 

brittle failure than normal concrete. The same trend has been followed for 

cenosphere incorporated concrete composite. Hence, to advance the 

performance of cenosphere incorporated lightweight concrete, the use of 

micro reinforcement becomes essential, hence in the past, many researchers 

used cenosphere in fibre reinforced concrete. Cenosphere has been 

incorporated with steel fibres, polypropylene fibres, polyethylene fibres, and 

polyvinyl alcohol fibres in cementitious composites [40].  

Usage of polyvinyl alcohol fibres found to improve flexural strength with 

toughness index found almost double those of polypropylene fibres. Usage of 

polyvinyl alcohol fibres at 2% leads to enhance strain hardening up to 4.2% 

strain under uniaxial tensile tests and flexural strength of 5.90 MPa was 

achieved [33,37]. Test results specify that polyvinyl alcohol fibres have better 

compatibility with the cenosphere due to the presence of the hydroxyl group 

and its hydrophilic nature which results in greater chemical bonding [34]. 

 

4.1.3 Tensile Strength of Cenosphere Composites 
 

Several researchers reported that the integration of fibres enhanced the 

tensile strength of the cenosphere based lightweight concrete. Polyethylene 

fibre-reinforced cenosphere composites showed 17% less first cracking 

strength than the composite containing steel fibres alone due to lower 

modulus of elasticity of polyethylene fibres with 76 GPa, whereas steel fibre 

has a modulus of elasticity of 200 GPa. No synergy has been found among 

fibres at 0.50% fibre volume fraction in flexural toughness. Polypropylene 

fibres showed an inferior performance than polyethylene fibres at a volume 

fraction of 2.67% [42,44]. Cenosphere has also proven to be efficiently 

bonded with fibres in composites. In the case of the addition of steel fibres, 

polypropylene fibres, polyethylene fibres, and polyvinyl alcohol fibres, 

adequate strain hardening has been observed in lightweight composites. 

Predominantly, polyvinyl alcohol fibres found to be very effective in 

resisting micro-cracks in lightweight cementitious composites produced 

using cenosphere [16,39]. This clearly shows that the cenosphere is 

harmonious with different fibres and reduce the brittleness thereby improving 

tensile strength.   

 

4.1.4   Elastic Modulus of Cenosphere Composites 
 

Elastic modulus is one of the key mechanical properties for assessing the 

behaviour of lightweight composites. The elastic modulus of cenosphere- 
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infused lightweight concrete is significantly lesser than that of normal 

concrete.. The lower modulus of elasticity is due to lower compressive 

strength and density [36,41,43]. Most of the researchers concluded that 

incorporation of the cenosphere considerably reduces the elastic modulus of 

lightweight composites. If the density is less than 1230 kg/m3 and the 

compressive strength is up to 43 MPa, the defined ACI equation 

overestimates the modulus of elasticity. Furthermore, since the ACI-318 

relationship is applicable to concrete, it can be accurate in measuring the 

elastic modulus of lightweight materials. An empirical equation is formed 

relating the elastic modulus and compressive strength of lightweight concrete 

[19, 38, 40]. Liu et al. [28, 29] experimentally determined the mechanical 

properties of lightweight composites at various temperatures. They found that 

the elastic modulus rises by 11% at 50
o
C ambient temperature [26].

 

 

5 Structural Performance of Cenosphere Added 

Lightweight Composites  

 

In the last decade, there have been fewer reports on the structural 

performance of lightweight composites. Few researchers investigated the 

effects of loading on cenosphere-based RC slabs. They assessed the shear 

resistance, failure mode, load-deflection of the slabs and also evaluated the 

punching resistance behaviour under various scenarios. A mathematical 

model has been developed to analyse the punching shear failure and the 

developed models may be used for predicting properties for such applications 

[35,44,45]. The lightweight composite failed at the first peak strength and 

tension failure occurred at the second peak strength at the outer face of the 

slab [47,49]. The behaviour of cenosphere filler inserted slabs supports the 

use of cenosphere in the production of ultra-lightweight, cost-effective, and 

sturdy composites. The structural performance, punching, and shear 

resistance evaluated under various scenarios demonstrated that cenospheres 

can generate structural members. [4, 46,48]. 

 

6 Conclusion 
 

This paper discusses the use of cenosphere in the development of 

lightweight cement-based composites. The physiochemical properties of fly 

ash cenosphere have been detailed. Briefly discussed are the mechanical and 

physical properties of the resulting fly ash cenosphere composite. These 

qualities were also related to those of standard light weight concrete. Based 

on the findings of the report, the following conclusions may be drawn: 

 Cenospheres are hollow microspheres of a few microns of shell 

thickness. The dimensions vary from a few microns to 400 µm. Because 

of their  
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lower bulk density varying from 400 to 800 kg/m
3
, cenospheres can be 

employed as a filler in lightweight cement-based composites. 

 Cenospheres are composed of amorphous silica and lime, suggesting 

their pozzolanic activity in cementitious structures. The high CSH gel 

and lower Ca(OH)2 impart high mechanical strength to cenosphere 

incorporated lightweight concrete. 

 The density of cenosphere-incorporated lightweight composite has been 

estimated to be in the range of 750–1496 kg/m
3
 at 28 days, with 

its compressive strength ranging from 4.96–58.4 MPa. 

 The elastic modulus of cenosphere-incorporated lightweight concrete can 

be predicted using a statistical model with an appropriate estimate. 

 By incorporating fibre into the blend, the porous aspect of cenosphere-

incorporated lightweight concrete can be changed. Polyvinyl alcohol 

fibres outperformed other fibres in terms of bonding and flexural strength 

enhancement due to their bonding with the cement matrix. 

 The structural efficiency of the cenosphere in lightweight concrete walls 

and slab systems demonstrates that it performs similarly to standard 

concrete under compression, concentrated, and patch loading. While 

compressive strength governs ultimate flexural strength, higher ductility 

promotes its use in structural components. 
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