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ABSTRACT: A porous material with excellent thermal insulation properties experimentally 

made by sintering and expanding with silicon carbide at 975 ºC of a glass waste mixture 

including post-consumer drinking bottle and flat glass recycled from building demolition is 

presented in the work. The experiment performed by an original method of predominantly direct 

microwave heating aimed at increasing the proportion of flat glass waste in the mixture with 

glass container up to the microstructural homogeneity of the cellular product is not affected and 

this limit could reach 15 wt. %. In the conventional industrial production of cellular glass, the 

flat glass waste is not used for this reason or in case of its use the maximum proportion is 10 wt.  

Due to the combination of the material thermal insulation properties with mechanical strength, 

resistance to fire, water, corrosion, frost, high durability, chemical stability, etc., these products 

are attractive for the building sector as replacements of existing thermal insulation materials. 
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1 INTRODUCTION  

The glass devitrification is synonymous with the 

growth of crystalline structures within the glass, 

which leads to the formation of a largely crystalline 

material (50-90 vol. %), also containing the 

amorphous phase consisting of residual glass. It has 

been found that many silicate wastes (coal ash, 

metallurgical slag, filter dusts and fly combustion 

ash from waste incineration processes, red mud 

from zinc hydrometallurgy, other industrial sludge 

types, etc.) along with glass waste have the ability 

to form such material types through firing, called 

"glass-ceramics" (Rawlings et al., 2006). Due to 

their remarkable thermo-mechanical properties, 

practically similar to those of industrially 

manufactured glass foams (Paunescu et al., 2021 a), 

the cellular glass-ceramics obtained by expanding 

the thermally softened mixture under the influence 

of a foaming agent are attractive as building 

materials or for other applications in construction 

which require high mechanical strength, in addition 

to thermal insulation properties. The expanding 

agents are materials that facilitate the release of a 

gas or gaseous compound at high temperature, 

which includes the softening point of the glass, as a 

result of a decomposition reaction (as in the case of 

carbonates) or an oxidation or neutralization 

reaction (as in the case of carbonaceous materials: 

coal, black carbon, glycerol, silicon carbide, etc.) 

(Scarinci et al., 2005). 

According to the information in the literature 

(Cosmulescu et al., 2020), in the industrial 

production of cellular glass the recycled glass waste 

is completely used. The post-consumer container 

glass is mostly used regardless of the waste color. 

The Austrian company Geocell Schaumglas GmbH 

has a manufacturing recipe of cellular glass gravel 

which includes 10 % clear flat glass waste, the rest 

being container glass waste. The expanding agent 

type is not mentioned, but taking into account the 

process temperature (almost 900 ºC) it can be 

deduced that it is about carbon black. The product 

features are light weight, load bearing, draining, and 

insulation properties. The compressive strength has 

high values up to 5.7 MPa. 

Misapor Switzerland Company uses for 

producing the cellular glass gravel 98 % recycled 

glass composed of green container glass waste and 

flat glass waste, the expanding agent being gypsum, 

limestone or silicon carbide in 2 % weight ratio. 

The average temperature of the sintering/expanding 

process is 900 ºC (obviously, higher of 950 ºC in 

the case of silicon carbide). The Misapor cellular 

glass gravel has insulating, drainage and load 

bearing features. The compressive strength is high, 

having values between 4.9-6.0 MPa (Cosmulecu et 

al., 2020).  
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Therefore, a mixture between container glass 

waste and flat glass waste, both being soda-lime 

glass type (i.e. the commercial glass type widely 

used and most suitable for cellular glass 

manufacturing processes) is made on an industrial 

scale only in the case of manufacturing cellular 

glass gravel without other additives that favor the 

foaming process, the expanding agent having a low 

weight ratio (about 2 %). The product has low pore 

size and relatively high compressive strength. 

Except the industrial production, several small-

scale experimental tests have been conducted 

worldwide using separately container glass waste 

and flat glass waste as raw material and coal fly ash 

as an industrial by-product with an important role in 

obtaining glass-ceramics. The foaming agent in 

these cases was silicon carbide (SiC). One of the 

representative works for the manufacture of cellular 

glass-ceramic from 80 % post-consumer drinking 

glass, 20 % coal ash, and 2 % SiC, forming a finely 

ground mixture, was presented in (Wu et al., 2006). 

The mixture was heated by conventional methods at 

temperatures above 1000 ºC. Optimal results of the 

expanded material characteristics were obtained in 

the temperature range 1000-1050 ºC where the 

porosity was 75 % and the product microstructure 

had optimal uniformity. The compressive strength 

was 1.5 MPa considered satisfactory for applying 

the cellular glass-ceramic in building construction 

as a thermal insulation material. 

The single use of flat glass waste in the process 

of sintering/expanding the glass waste under 

conventional heating conditions is not applied 

according to the literature. The reason is the 

formation of inhomogeneous microstructures that 

negatively influence the thermal insulation 

properties of the expanded material. 

However, several papers published after 2018 

show that the heat treatment at above 960 ºC of a 

mixture of finely ground materials containing clear 

flat glass waste from building demolition, coal fly 

ash from burning the coal in thermal power plants 

and commercial SiC subject to the microwave 

irradiation leads to cellular glass-ceramics 

characterized by satisfactory microstructural 

homogeneity (Dragoescu et al., 2018 a; Dragoescu 

et al., 2018 b; Paunescu et al., 2021 b). Also, a 

recent paper (Dragoescu et al., 2021) presents 

experimental results obtained in the manufacture of 

cellular glass by the unconventional microwave 

heating at 815-860 ºC of a mixture composed of 

clear flat glass waste, manganese oxide, and silicon 

nitride, which allowed to obtain an expanded 

material with homogeneous microstructure and 

additionally, high compressive strength (up to 7.8 

MPa). The works (Dragoescu et al., 2018 a; 

Dragoescu et al., 2018 b; Paunescu et al., 2021 b; 

Dragoescu et al., 2021) were performed by authors 

of the current paper based on the results obtained in 

the Romanian company Daily Sourcing & 

Research. 

The paper objective is the experimental 

determination of the limit to which the presence of 

flat glass waste in the mixture with container glass 

waste does not affect the microstructural 

homogeneity of cellular glass-ceramic produced by 

the unconventional microwave heating technique. 

The work originality is the microwave application 

in the manufacturing process of cellular glass-

ceramic and the own technique of predominantly 

direct heating, whose energy efficiency has been 

highlighted in previous experiments of the authors. 

2 MATERIALS AND METHODS 

2.1 Materials 

In principle, the paper aimed at the effect of the 

addition of flat glass waste in increasing proportions 

into a mixture predominantly containing post-

consumer drinking bottle on the microstructural 

homogeneity and the physical, thermal, and 

mechanical features of cellular glass-ceramic. 

Except the soda-lime glass waste, the dry starting 

mixture also included coal fly ash as a feedstock, 

and SiC as an expanding agent. The agent adopted 

by the authors is one of the most effective and 

widely used foaming agents, although the gas 

release temperature (carbon monoxide and/or 

carbon dioxide) has higher values (950-1150 ºC) 

than the other expanding agents (generally, between 

800-900 ºC). The weight ratios of the total glass 

waste, coal fly ash, and SiC were kept constant at 

values frequently used in previous experiments (10 

% coal fly ash, 2.4 % SiC, and the rest of 87.6 % 

glass waste). Variables were the container glass/flat 

glass ratios, whose percentage values were 

successively modified in four experimental variants 

(95/5; 90/10; 85/15; and 80/20). The post-consumer 

drinking bottle was composed from coloured 

glasses (green and amber in approximately equal 

weight ratios), while the flat glass waste recycled 

from building demolition contained only clear flat 

glass. The oxide composition of the three glass 

waste types is shown in Table 1. 

Table 1. Oxide composition of glass waste types 

Oxide 

composition 

(wt. %) 

Green 

drinking 

bottle 

Amber 

drinking 

bottle 

Clear 

flat glass 

SiO2 71.2 71.4 71.1 

Al2O3 1.8 1.9 1.3 

CaO 10.2 10.3 9.3 

Fe2O3 0.4 0.3 0.2 

MgO 2.2 2.3 3.9 
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Na2O 13.0 13.2 14.2 

K2O 0.5 0.6 

Cr2O3 0.2 0.1 - 

SO3 0.3 0.3  

 

The same usual procedures for processing the 

glass waste (selecting by colour, washing, breaking, 

grinding, and sieving) were performed in the 

Romanian company Bilmetal Industries SRL 

Popesti-Leordeni, Ilfov, the grain size reaching 

below 80 μm. The coal fly ash offered by the 

Paroseni thermal power plant had to be ground in a 

ball mill to reduce its grain size below 100 μm. The 

foaming agent (SiC) was purchased from the market 

with a grain size below 10 μm and no other 

mechanical processing was required to be used in 

the experiments. 

The experimental variants of mixture 

composition are presented in Table 2. 

Table 2. Experimental variants 

Component 

(wt. %) 

Variant 

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

Colored 

container 

glass waste 

82.2 

(95) 

 

78.8 

(90) 

74.5 

(85) 

70.1 

(80) 

Clear flat 

glass waste 

4.4 

(5) 

8.8 

(10) 

13.1 

(15) 

17.5 

(20) 

Coal fly ash 10.0 10.0 10.0 10.0 

SiC 2.4 2.4 2.4 2.4 

Water 

addition 

14.0 14.0 14.0 14.0 

 

2.2 Methods 

In terms of chemistry, the foaming method by 

high temperature heating of glass waste having 

incorporated in its mass a suitable expanding agent 

is well known for the last 80 years. A good 

correlation is needed between the softening point of 

the glass (also taking into account the influence of 

different material additives) and the ability of 

expanding agent to release a gaseous component 

resulting from the chemical reaction that occurs in 

the glass softening temperature (Scarinci et al., 

2005). By adopting SiC as an expanding agent, it is 

known that at temperatures between 950-1150 ºC 

oxidation reactions take place in the oxidizing 

atmosphere of the furnace, of the following type: 

                     (1) 

                   (2) 

The resulting gases (CO and CO2) are scattered 

in the softened mass of the glass, but remain 

blocked in the form of gas bubbles, which form the 

basis of the porous structure of cellular glass 

products. 

Coal fly ash has the ability to promote the 

foaming process, contributing to the achievement of 

a good microstructural homogeneity of the 

expanded material. On the other hand, its use is 

disadvantageous because it increases the 

temperature of the foaming process as its proportion 

in the starting mixture increases. 

In terms of energy, the team of authors has 

adopted in recent years its own original technique of 

unconventional predominantly direct microwave 

heating. This technique regularly applied in recent 

experiments consists in protection of the glass-

based powder mixture against the microwave field 

too intensely for the completely direct heating of the 

glass by placing a screen (in the form of a crucible 

or tube) of highly microwave susceptible materials 

(SiC, Si3N4). The thickness of the screen wall (2.5-

3.5 mm) facilitates the partial retention of the 

waves, which intensely heat the ceramic material by 

converting the power of microwaves into heat. A 

predominant proportion of the microwave field 

penetrates this wall and acts directly on the 

material. The peculiarities of direct heating 

[initiation of heating in the core of irradiated 

material, volumetrically propagation of heat from 

inside to outside, heating selectivity (Jones et al., 

2002; Kitchen et al., 2014)], which lead to 

remarkable energy efficiency, have been exposed in 

all previous works of the research team (Paunescu 

et al., 2021 b; Paunescu et al., 2021 c; Paunescu et 

al., 2020). 

The used experimental equipment was the same 

800 W-microwave oven of the type used in the 

household, constructively adapted by the authors for 

high temperature operation (up to 1200 ºC), which 

allowed all tests in the last four years presented in 

Romanian and international literature. The material 

subjected to microwave heating was protected 

against the direct action of the wave field with a 

ceramic tube made of SiC and Si3N4 with the outer 

diameter of 125 mm, the height of 100 mm and the 

wall thickness of 2.5 mm. On the other hand, the 

ceramic tube (provided with a ceramic lid) was 

thermally insulated on the outside with thick 

ceramic fiber mattresses resistant to 1200 ºC to 

preserve the heat generated in the core of the heated 

mixture. The temperature control of the mixture was 

performed with a radiation pyrometer mounted 

above the oven on the central axis. 30 mm-holes 

made in the upper metal wall of the oven and the 

ceramic lid facilitated the visualization of the upper 

surface of the hot sample. Figure 1 shows an image 
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of the microwave oven (a) and the constructive and 

functional scheme of the equipment (b). 

 

a 

 

b 

Fig. 1 Experimental microwave equipment   a – 800 

W-microwave oven image; b – constructive and 

functional scheme of the equipment: 1 – microwave 

oven; 2 – ceramic tube; 3 – ceramic lid; 4 – metal 

plate; 5 – metal support; 6 – pressed powder 

material; 7 – thermal insulation; 8 – waveguide; 9 – 

pyrometer. 

 

2.3 Caracterization of cellular samples 

The apparent density was measured by the 

gravimetric method (Manual, 1999). The porosity 

was calculated by the comparing method between 

the compact material density (“true density”) and 

the porous material (apparent density) (Anovitz & 

Cole, 2005). The thermal conductivity was 

determined by the heat-flow meter method (ASTM 

E1225-04). The compressive strength was measured 

with the TA.XTplus Texture Analyzer (ASTM 

C552-17). The water immersion method (ASTM 

D570) was used for measuring the water absorption. 

The microstructural characteristics of the cellular 

glass-ceramic samples were identified with a 

Smartphone Digital Microscope ASONA 100X 

Zoom type. The crystallographic structure was 

determined according to the standard EN 13925 – 2: 

2003 with X-ray diffractometer Bruker AXS 

Advance with CuK α radiation. 

 

3 RESULTS ANS DISCUSSION 

3.1 Results 

According to the experimental methodology 

adopted by the authors, the starting mixture 

consisting of the materials mentioned above was 

prepared separately for each variant in Table 2. The 

total dry amount of the mixture was kept constant in 

all variants at 485 g. Due to the addition of water as 

a binder to facilitate the cold pressing, the total wet 

amount of the mixture increased to 552.9 g, the 

average density being around 1.85 g/cm
3
.  

The functional parameters of the glass waste 

foaming process were kept constant for each of the 

four variants. Thus, the final temperature at which 

the microwave heating process was stopped was 

adopted at 975 ºC taking into account the previous 

experimental results. The required heating time was 

about 34 min, reaching a heating rate of 28.1 

ºC/min. The cooling rate had an average value of 

5.3 ºC/min and the amount of the expanded product 

was around 479 g. The electricity consumption of 

the heating process was measured for each variant, 

the result being similar in all cases: 0.354 kWh, 

leading to a specific energy consumption of 0.74 

kWh/kg.    

The cross-sectional macrostructural appearance 

of the cellular glass-ceramic samples is shown in 

Figure 2. 

 

 

a b 

 

 

c d 

Fig. 2 Macrostructural appearance in cross section of 

the cellular glass-ceramic samples 

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

4. 
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According to the images, except for the sample 

obtained in variant 4 (with a ratio between container 

glass waste and flat glass waste of 80/20), which 

has an obvious macrostructural inhomogeneity, the 

other samples show satisfactory macrostructures.  

The physical, thermal, mechanical, and 

microstructural features of the cellular products 

experimental manufactured through microwave 

radiation are presented in Table 3. 

Table 3. Main features of thecellular glass-ceramic 

samples 

Feature Variant 

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

Apparent 

density 

(g/cm
3
) 

 

0.24 

 

0.23 

 

0.25 

 

0.24 

Porosity (%) 88.6 89.0 88.1 88.7 

Thermal 

conductivity 

(W/m·K) 

 

0.060 

 

0.064 

 

0.065 

 

0.083 

Compressive 

strength 

(MPa) 

 

1.27 

 

1.30 

 

1.31 

 

1.24 

Water 

absorption 

(vol. %) 

 

1.8 

 

1.8 

 

1.9 

 

2.3 

Pore size 

(mm) 

0.4-1.3 0.9-2.0 1.0-2.4 1.1-3.8 

 

The data in Table 3 indicate good thermal 

insulation properties of expanded products (low 

apparent densities of 0.23-0.25 g/cm
3
, high porosity 

of 88.1-89 %, and low thermal conductivity of 0.06-

0.065 W/m·K for variants 1-3 and 0.083 W/m·K in 

the case of variant 4), approximately at the level of 

industrially made products. Variant 4 has the 

thermal conductivity value slightly above the 

maximum limit (0.08 W/m·K) reported by the main 

manufacturers. We consider that this higher thermal 

conductivity is due to the relatively uneven 

distribution of pore size in the material section and 

it is possible that this characteristic is caused by the 

increase of flat glass waste ratio up to 20 % in the 

mixture with container glass. In the industrial 

production of cellular glasses under the conditions 

of heating by conventional methods, the conclusion 

that the flat glass causes microstructural non-

uniformities has long been stated and consequently, 

the flat glass is included in the mixture with 

container glass in proportions up to 10 %. However, 

previous tests performed by authors applying the 

unconventional method of microwave heating have 

shown that the full use of flat glass as a raw 

material together with coal fly ash and SiC or 

together with calcium carbonate (CaCO3) as an 

expanding agent does not affect the microstructural 

homogeneity of the cellular material (Dragoescu et 

al., 2018 a).  

The identification of the microstructural 

configuration of the four expanded material samples 

was made by examining the pictures in Figure 3. 

  

 a  b 

  

 c             d     ______ 5 mm 

Fig. 3 Microstructural configuration of cellular glass-

ceramic samples 

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

4. 

According to the pictures in Figure 3, the 

microstructural configuration of the cellular glass-

ceramic samples is characterized by a good 

homogeneity, except to a small extent the sample 

with the maximum content (20 wt. %) of flat glass 

waste (variant 4). The pore size slightly increases 

from variant 1 (0.4-1.3 mm) to variant 3 (1.0-2.4 

mm) and registers a more important jump in the 

case of variant 4 (1.1-3.8 mm), confirming the first 

impression of the macrostructural examination 

(Figure 2). Evolution of pore size is also included in 

Table 3.  

 The samples corresponding to variants 1 and 2 

were subjected to XRD analysis (Figure 4). The 

main crystalline phase identified in both samples 

after heating to 975 ºC was wollastonite (CaSiO3) 

and in lower proportions silicon carbide (SiC). 

 

Fig. 4 XRD analysis 
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3.2 Discussion 

The experiment described in this paper delimited 

the optimal proportion of flat glass waste in the 

mixture with post-consumer drinking bottle to 15 % 

to produce a cellular glass-ceramic with 

homogeneous microstructure that favors its thermal 

insulation properties for using in construction. 

Increasing this proportion to 20 % affected the 

microstructural homogeneity compared to lower 

ratios. 

The technique of heating the raw material 

mixture by predominantly direct microwave 

irradiation confirmed the remarkable energy 

efficiency of this procedure. The specific energy 

consumption of the manufacturing process was 

reduced to 0.74 kWh/kg. Generally, industrial 

manufacturers of cellular glass products avoid 

providing this information. Also, small-scale 

experiments performed in the world, whose results 

are published in the literature, do not in principle 

provide energy data. The little information in the 

literature (Energocell, 2014) indicates an average 

energy consumption of 140 kWh/m
3
-cellular glass, 

which means between 0.75-1.15 kWh/kg. 

According to a published paper (Kharissova et al., 

2010), the transition from low-power experimental 

equipment to industrial microwave equipment could 

increase the energy efficiency of the thermal 

process by up to 25 %. 

4 CONCLUDING REMARKS 

The paper objective was the experimental 

determination of the limit to which the presence of 

flat glass waste in the mixture with container glass 

waste does not affect the microstructural 

homogeneity of cellular glass-ceramic produced by 

the unconventional microwave heating technique. 

The results showed that this limit was 15 %, the 

extension of the experiment to 20 % leading to the 

appearance of a relative microstructural 

inhomogeneity that affected to a small extent the 

thermal conductivity of the material. 

The work originality was the microwave 

application in the manufacturing process of cellular 

glass-ceramic and the own technique of 

predominantly direct heating, whose energy 

efficiency has been highlighted by reducing the 

specific energy consumption to 0.74 kWh/kg. 

Compared to the values of specific consumption 

achieved in conventional industrial production, this 

energy consumption is very low and theoretically, 

by the transition to an industrial microwave 

equipment could be further reduced by up to 25 %. 

The material was sintered and expanded at 975 

ºC, by heating with 28.1 ºC/min for 34 min. The 

main physical, thermal and mechanical features of 

the final product were: apparent density between 

0.23-0.25 g/cm
3
, porosity between 88.1-89.0 %, 

thermal conductivity between 0.06-0.065 W/m·K 

for variants 1-3 and 0.083 W/m·K for variant 4, and 

compressive strength between 1.24-1.31 MPa. The 

first three variant were considered optimal for 

applications in construction as thermal insulation 

materials. 
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