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ABSTRACT: Cellular glass-ceramic materials were manufactured using the own technique 

of predominantly direct microwave heating using coal fly hollow cenospheres as a secondary 

raw material by the integral substitution of ordinary coal fly ash, glass waste, and silicon 

carbide as an expanding agent. The experiments highlighted three optimal experimental 

variants sintered at 955-975 ºC with very economical energy consumption between 0.83-0.94 

kWh/kg. The cellular products had very low apparent density between 0.15-0.20 g cm
-3

, heat 

conductivity between 0.033-0.038 W(mK)
-1

, compressive strength in the range 3.0-3.2 MPa, and 

pore size below 1.9 mm. The products are suitable for producing building materials with 

excellent thermal insulation and mechanical properties) 

KEYWORDS: cellular glass-ceramic, microwave heating, coal fly cenosphere, glass waste, 

low density. 

 

1 INTRODUCTION  

International waste policy has changed 

significantly in the last 4-5 decades, being 

influenced by the energy crisis (started in the 1970s) 

and the ecological crisis (initiated at the end of the 

20
th
 century, caused by global warming due to 

greenhouse gas pollution). Waste recycling, whose 

deposit in landfills in conditions of very high annual 

generation rates is no longer a suitable solution, is 

widespread in many developed or developing 

countries around the world. 

Glass is one of the most interesting wastes in the 

glass industry for the manufacture of new glass, as 

well as in building materials industry for the 

production of cheaper thermal insulation materials 

(cellular glass) that compete with similar materials 

on the market. The main recycled glass waste for 

use as raw material is post-consumer drinking bottle 

and flat glass waste from demolition and 

rehabilitation of buildings. This glass type is soda-

lime silica glass (Karazi et al., 2017) considered 

"commercial glass", being the most suitable for the 

foaming processes that underlie the manufacture of 

cellular glass. 

Industrial by-products are often used in the 

foaming process of residual glass. The literature 

mentions several by-product types added in the 

glass-based material mixture: coal fly ash 

(Fernandes et al. 2009; Mi et al., 2017; Wu et al., 

2006; Bai et al., 2014), metallurgical slag 

(Mohamed et al., 2015; Fidancevska et al., 2003), 

oil shale (Gorokhovsky et al., 2002), zinc-

hydrometallurgy waste (Pelino, 2000), red mud 

(Jiang et al., 2020; Guo et al., 2014). The addition 

of this silicate waste plays a favorable role in the 

foaming process despite the increase of the required 

temperature (Ioana et al., 2022). 

The current work focuses on the use of coal fly 

ash recovered from coal burning in power plants. 

Several glass-ceramic manufacturing processes are 

known from the literature using coal fly ash as an 

addition material mixed with glass waste. In the 

work (Fernandes et al., 2009) the starting material 

mixture contained 80 % glass waste, 20 % coal fly 

ash and 1-2 % dolomite as an expanding agent. The 

coal fly ash had in composition 49.6 % SiO2, 20.9 

% Al2O3, 6.6 % Fe2O3, 0.5 % CaO, 1.8 % MgO, 0.4 

% Na2O, 2.7 % K2O, 0.9 % TiO2, 0.3 % MnO, 0.5 

% P2O5, and 15.8 % LOI. The sintering/expanding 

process took place at 850 ºC. The apparent density 

of the foamed product was between 0.36-0.41         

g cm
-3

 and the compressive strength was between 

2.4-2.8 MPa.  

According to (Wu et al., 2006), 80 % glass waste 

and 20 % coal fly ash were mixed with 2 % silicon 

carbide (SiC) as an expanding agent. The chemical 

composition of the coal fly ash used in experiment 

included 50.30 % SiO2, 23.20 % Al2O3, 10.60 % 

Fe2O3, 2.70 % CaO, 0.63 % MgO, 0.54 % Na2O, 

1.13 % K2O, 1.27 % TiO2, 0.28 % P2O5, 1.90 % 

SO3, and 7.09 % LOI. The optimal 
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sintering/expanding temperature was in the range 

1000-1050 ºC. The glass-ceramic features were: 

apparent density between 0.2-0.4 g cm
-3

, porosity 

between 70-90 %, and compressive strength of 1.5 

MPa. 

84.75 % residual glass, 14.75 % coal fly ash, and 

0.5 % SiC were the components of the powder 

mixture subjected to sintering at 950 ºC according 

to paper (Bai et al., 2014). Coal fly ash had in its 

composition 54.39 % SiO2, 23.21 % Al2O3, 11.50 % 

Fe2O3, 4.77 % CaO, 1.73 % MgO, 0.37 % Na2O, 

1.32 % K2O, and 13.38% LOI. The optimal sample 

of glass-ceramic had apparent density of 0.27           

g cm
-3

, porosity of 81.55 %, and compressive 

strength of 0.98 MPa. 

Another paper (Zhu et al., 2016) refers to the 

production of glass-ceramic foam using glass waste 

and coal fly ash as raw materials, borax as flux 

agent and calcium carbonate (CaCO3) as an 

expanding agent. The optimal product was obtained 

at 800 ºC for 45 min, the weight proportions of the 

starting materials being 60 % glass waste, 40 % coal 

fly ash, 30 % borax and 0.5 % CaCO3. The main 

characteristics of the expanded product were: bulk 

density of 0.46 g cm
-3

, thermal conductivity of 0.36 

W (mK)
-1

, and compressive strength of over 5 MPa. 

The manufacturing processes mentioned above 

were performed by conventional heating methods. 

The unconventional technique of microwave 

heating applied by authors of the current paper 

allowed producing glass-ceramic using 86.5 % flat 

glass waste, 10 % coal fly ash, 3.5 % SiC, and 10.5 

% water addition as a binder into a powder mixture 

sintered at 977 ºC (Florea et al., 2022). The 

chemical composition of coal fly ash included 46.5 

% SiO2, 23.7 % Al2O3, 8.6 % Fe2O3, 7.9 % CaO, 

3.2 % MgO, 6.0 % Na2O, and 4.1 % K2O. The 

apparent density of glass-ceramic was 0.42 g cm
-3

, 

porosity was 80 %, heat conductivity 0.085  

W(mK)
-1

, compressive strength 2.4 MPa, and water 

absorption 6.4 %. 

According to the above data provided by the 

literature, coal fly ash resulting from the 

combustion of coal in power plants is an 

aluminosilicate material containing mainly SiO2 

(around 50 %), Al2O3 (over 23 %) and Fe2O3 

(around 10 %).  Analyzes performed by researchers 

on the properties and composition of coal fly ash 

revealed the existence of hollow particles with 

regular spherical shape, with very low dimensions 

(8-63 μm) and very light (apparent density below 

0.85 g cm
-3

). These particles called cenospheres 

differ from the rest of the particles that make up 

coal fly ash, which have larger dimensions (up to 

about 320 μm), more irregular shapes and higher 

weight as their size increases. The weight ratio of 

cenospheres is about 2 % of the mass of coal fly 

ash. 

The relatively high alumina content of 

cenospheres contributes to the high value of their 

mechanical strength. The easiest method of 

separating and capturing cenospheres from the coal 

fly ash mass is the gravimetric selection method 

applicable by inserting the ash into a vessel with 

water. Particles with a lower density than water 

accumulate on the surface of the liquid and can be 

recovered. Then, they are dried by heating to over 

150 ºC (Stoch, 2015; Ẑyrkowski, 2014). 

The current paper aims at experimental 

manufacturing by the unconventional microwave 

heating technique of cellular glass-ceramic using 

cenospheres as an integral substitute for coal fly ash 

in the mixture of glass-based powder and SiC as an 

expanding agent. 

2 METHODS AND MATERIALS 

2.1 Methods 

The basic method of the process of expanding 

the glass waste in a fine powder state is to introduce 

and mix a type of material called "expanding agent" 

capable of releasing a gas at a suitable temperature 

at which the glass mass is thermally softened and 

blocks the gas in the form of bubbles. Raising the 

temperature increases the internal pressure of the 

bubbles, that tend to expand. By cooling at the end 

of the heating process, the bubbles turn into pores 

(Scarinci et al., 2005). 

This method is already well known, the main 

variable being the nature and characteristics of the 

expanding agent so that to be a good correlation 

between the temperature range at which it releases 

the gas through a chemical reaction and the 

softening point of the raw material. The expanding 

agent adopted by the authors in this experiment is 

silicon carbide (SiC) one of the most efficient 

materials used in glass foaming processes. The 

chemical oxidation reactions of SiC using the 

oxidizing atmosphere of the oven, which take place 

in the temperature range 950-1150 C, release carbon 

oxides (CO2 and/or CO) that form gas bubbles 

inside the softened mass of the glass, according to 

the equations (1) and (2) (Wu et al., 2006; Scarinci 

et al., 2005). 

   SiC + 1.5O2 = SiO2 + CO                            (1) 

 

   SiC + 2O2 = SiO2 + CO2                              (2) 

The originality of the method is the replacement 

of ordinary coal fly ash, used in many cases as an 

addition feedstock in the manufacture of cellular 

glass, with cenospheres recovered from coal fly ash, 

which due to the above-mentioned peculiarities 
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have the ability to contribute to the production of 

lighter porous ceramic material keeping a good 

mechanical strength. 

The technique applied for the heat treatment of 

the glass-based material mixture was predominantly 

direct microwave heating (Axinte et al., 2019). The 

experimental equipment was the same 800 W 

domestic microwave oven commonly used in the 

household, which underwent constructive 

modifications for high temperature operations 

(above 1000 ºC). The material mixture dosed and 

pressed into a metal mold, then removed, was freely 

deposited on a metal plate. The mixture was 

protected from the excessive microwave irradiation 

by placing a high microwave susceptible ceramic 

tube (with the wall thickness of 2.5 mm) between 

the heated material and the wave-generating source. 

The outer surface of the tube and the ceramic lid 

provided above the tube were thermally insulated 

with ceramic fiber mattresses. A radiation 

pyrometer placed above the oven allowed the 

temperature of the irradiated material to be 

controlled.  

An image of the experimental microwave 

equipment is shown in Figure 1. 

 

Fig. 1 Image of the experimental equipment 

 

2.2 Materials 

The materials used in the experiment presented 

in the paper were: colorless post-consumer drinking 

bottle (as a soda-lime glass type) and fly ash 

cenospheres as raw materials as well as SiC as an 

expanding agent.  

The chemical composition of soda-lime glass 

used in colorless drinking bottle included: 74.42 % 

SiO2, 0.75 % Al2O3, 0.30 % MgO, 11.27 % CaO, 

12.9 % Na2O, 0.19 % K2O, 0.01 % Fe2O3, 0.01 % 

TiO2, and 0.16 % SO3, according to (Glass 

composition, 2019). The operations of washing, 

sorting, breaking, grinding in a ball mill, and 

sieving were used for processing the residual glass. 

The grain size of waste was reduced under 100 μm.  

The coal fly cenospheres, whose composition 

was presented above, were recovered by 

gravimetric selection from the common coal fly ash. 

Its grain size was estimated at below 63 μm.  

     The expanding agent (SiC) was commercially 

purchased with a grain size under 10 μm and no 

other mechanical processing was required to be 

used in the current experiment. 

2.3 Methods of product characterization 

Characterization methods of expanded samples 

used in previous experiments were also applied in 

this paper. The gravimetric method (Manual, 1999) 

was used to measure the apparent density and the 

comparison method of the true density and the 

apparent density (Anovitz & Cole, 2005) was 

applied to calculate the product porosity. 

Determining the heat conductivity was carried out 

by the guarded-comparative-longitudinal heat flow 

method (ASTM E1225-04) and the TA.XTplus 

Texture analyzer was used to measure the 

compression strength. To determine the volumetric 

ratio of water absorbing in the material it was 

applied the method of sample immersion in water 

(for 24 hours). The appearance of microstructural 

features of the glass-ceramic was examined with 

ASONA 100X Zoom Smartphone Digital 

Microscope. To identify the crystalline phases of 

the expanded materials it was applied the XRD 

technique according to EN 13925-2:2003, using X-

ray diffractometer Bruker-AXS D8 Advance with 

CuKα radiation. 

3 RESULTS AND DISCUSSION 

3.1 Results 

As mentioned above, the experiment was based 

on the use of coal fly cenospheres as an addition 

feedstock, completely replacing the common coal 

fly ash. The starting material was post-consumer 

drinking bottle, SiC was an expanding agent, and 

water addition was used as a binder. The dosing of 

materials was performed in four experimental 

variants shown in Table 1. 

Table 1. Composition of experimental variants 

Composition Variant 

No. 1 No. 2 No. 3 No. 4 

Glass waste 

(wt. %) 

88.1 

 

86.9 

 

85.7 

 

84.5 

 

Coal fly 

cenospheres 

(wt. %) 

 

9.0 

 

10.0 

 

11.0 

 

12.0 

SiC (wt. %) 2.9 3.1 3.3 3.5 

Water addition 

(wt. %) 

 

10.0 

 

10.0 

 

10.0 

 

10.0 
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The technological process took place in the joint 

experimental base of the companies Daily Sourcing 

& Research SRL and Cosfel Actual SRL on the 800 

W-microwave oven described above. The functional 

parameters of the process corresponding to the four 

manufacturing recipes are shown in Table 2. 

Table 2. Parameters of the experimental process 

Functional 

parameter 

Variant 

No. 1 No. 2 No. 3 No. 4 

Dry raw 

material/cellular 

glass-ceramic 

amount (g) 

 

490/ 

475.3 

 

490/ 

475.8 

 

490/ 

475.2 

 

490/ 

475.9 

Sintering 

temperature 

(ºC) 

 

955 

 

965 

 

975 

 

990 

Heating time 

(min) 

 

38 

 

40 

 

43 

 

47 

Average rate 

(ºC/min) 

- heating 

- cooling 

 

 

24.6 

5.6 

 

 

23.6 

5.4 

 

 

22.2 

5.5 

 

 

20.6 

5.4 

Index of 

volume growth 

 

1.40 

 

1.70 

 

1.90 

 

2.50 

Specific energy 

consumption 

(kWh/kg) 

 

0.83 

 

0.88 

 

0.94 

 

1.03 

 

According to the data in Table 2, the amount of 

dry materials that made up the starting mixture was 

kept constant at 490 g in all tested variants. The 

temperature of the sintering/expanding process 

varied between 955-990 ºC, the heating time 

increasing from 38 to 47 min with increasing the 

temperature. The average heating rate had a high 

value in the case of variant 1 (24.6 ºC/min) 

decreasing up to 20.6 ºC/min with increasing the 

process temperature in case of variant 4. The 

remarkable energy efficiency of the preponderantly 

direct microwave heating method led to obtaining 

economical specific energy consumptions between 

0.83-1.03 kWh/kg, the lowest values corresponding 

to the first variants (with lower consumptions of 

SiC and cenospheres).  

      The appearance in cross section of the glass-

ceramic samples manufactured by the above-

mentioned technique is shown in Figure 2. 

 

 

a b 

 
 

c d 

Fig. 2 Cross section images of the experimental 

samples 

a – variant 1; b – variant 2; c – variant 3;                    

d – variant 4. 

According to the images in Figure 2, the porosity 

of sample corresponding to variant 1is fine with low 

pore size, while due to the addition of higher SiC 

and cenospheres proportions the pore size is in 

increasing.  

The experimentally obtained glass-ceramic 

characteristics were identified by the methods of 

analysis noted above. The results of these 

determinations are centrally presented in Table 3. 

Table 3. Glass-ceramic sample characteristics 

Characteristic Variant 

No. 1 No. 2 No. 3 No. 4 

Apparent 

density          

(g cm
-3

) 

 

0.20 

 

0.17 

 

0.15 

 

0.14 

Porosity (%) 90.5 91.9 92.9 93.3 

Heat 

conductivity 

(W(mK)
-1

) 

 

0.038 

 

0.036 

 

0.033 

 

0.031 

Compression 

strength 

(MPa) 

 

3.2 

 

3.0 

 

3.0 

 

2.8 

Water 

absorption 

(vol. %) 

 

2.6 

 

2.2 

 

2.0 

 

1.9 

Pore size 

(mm) 

0.4- 1.0 0.8- 1.5 1.0- 1.9 1.8-

3.9 
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The examination of the data in Table 3 shows 

the effect of using coal fly ash hollow cenospheres 

on improving the thermal insulation properties of 

cellular products (apparent density between 0.14-

0.20 g cm
-3

, heat conductivity between 0.031-0.038 

W (mK) 
-1

, and porosity over 90 % ) and to a lesser 

extent on the compressive strength (2.8-3.2 MPa). 

The results show significant differences compared 

to glass-ceramic products made with ordinary coal 

fly ash regardless of the heating technique 

(conventional or unconventional) adopted. Water 

absorption had relatively low values (below 2.6 vol. 

%). A deeper analysis of the microstructural 

peculiarities of the four glass-ceramic cellular 

samples was possible by examining the pictures in 

Figure 3. 

 

 

a b 

 

 

c d           ______ 4 mm 

Fig. 3 Microstructural images of the samples 

a – variant 1; b – variant 2; c – variant 3;                    

d – variant 4. 

The investigation of the microstructural 

peculiarities of the samples revealed that the 

simultaneous increase of the proportions of 

cenospheres and SiC between 9-12 % and 

respectively, between 2.9-3.5 % contributes to the 

increase of the cell size. Their distribution is 

uniform forming microstructures characterized by 

closed cells. The dimensional ranges of the cells are 

limited in the case of variants 1-3 according to the 

data in Table 3. The exception is the microstructural 

characteristics of the sample corresponding to 

variant 4. The pore size increases much compared 

to the dimensions observed in the other variants, 

reaching a maximum value of 3.9 mm. Also, a 

slight tendency of semi-open cells to appear can be 

noticed in the case of variant 4.  

Based on these observations, the sample made 

by variant 4 was excluded, resulting that the first 

three variants sintered at 955-975 ºC with 9-11 % 

cenospheres and 2.9-3.3 % SiC were adopted as 

optimal variants. 

The XRD analysis of the glass-ceramic cellular 

samples performed by X-ray diffractographic 

method did not identify the modification of the 

crystalline phases found in previous experiments 

using ordinary coal fly ash together with soda-lime 

glass waste and SiC, i.e. mainly wollastonite-2M 

(CaSiO3) and low proportions of SiC (Wu et al., 

2006). 

3.2 Discussion 

Glass-ceramics are partially crystalline materials 

obtained by controlled crystallization of glass. 

Numerous silicate wastes noted above (coal ash, 

metallurgical slag, different sludges, etc.) favor the 

production of glass-ceramics. Thermal foaming of 

the silicate waste mixtures noted above together 

with the predominant glass waste and an expanding 

agent generate cellular glass-ceramics, which are 

attractive for the manufacture of building materials 

with excellent thermal and mechanical properties 

(Rawlings et al., 2006). 

The originality of the current paper is the 

replacement of ordinary coal fly ash with coal fly 

cenospheres recovered by their gravimetric 

selection, contributing to obtaining cellular products 

with very low density, keeping a relatively high 

mechanical strength. 

4 CONCLUDING REMARKS 

The paper aimed to manufacture by the own 

technique of microwave heating predominantly 

direct a cellular glass-ceramic using residual glass, 

coal fly cenospheres obtained by gravimetric 

separation from ordinary coal fly ash, and SiC as an 

expanding agent. The use of hollow cenospheres, 

which influences the significant reduction of the 

apparent density of cellular glass-ceramic, keeping 

a relatively high value of its mechanical strength, is 

the originality of the work in technological terms. 

Three of the four experimental variants (variants 1-

3) were considered optimal, the cellular products 

having a very low apparent density (0.15-0.20         

g cm
-3

), heat conductivity between 0.033-0.038 W 

(mK)
-1

, also very low, and relatively high 

compressive strength (3.0-3.2 MPa. 
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