
1. Introduction 
There have been concerns caused by the reduction of the 
natural resources due to an increased consumption  of the 
manufactured items and due to environmental problems 
generated by the industrial and municipal wastes, which 
have made the recycling a fundamental aspect to consider. 
Glass is a widely used material in various applications 
and, as a result, a large volume of post-consumed glass 
waste is being generated and discarded daily. This is 
likely to increase considerably in the future [1]. 

Recycling of the glass wastes is one of the most 
effective in Europe [2,3], (67% on average), where it 
shows major ecological benefits, such as use of  recycled 
glass, extraction of fewer raw materials, reduced amount 
of generated waste, reduced energy consumption, and 
decrease in CO2 emissions [4]. The vitrification starting 
from  wastes is an energy consuming process that is 
economically advantageous only in the case of the 
manufacturing of new glass-based articles, such as glass 
ceramics [5], glass or glass-ceramic matrix composites 
[6,7], glass foams [8], glass fibers [9] and others. 

Glass foams represent a highly valuable solution 
for thermal and acoustic insulation, having a generally 
higher mechanical, chemical and thermal stability than 
the polymeric foams currently employed [10]. In its 
physical aspect, foam glass is a heterophase system 
consisting of the gaseous and the vitreous solid phases 
that forms thin walls of single cells several micrometers 
thick. Commercial glass foams exhibit porosity, apparent 
density and compressive strength values of about 
45–85 vol.%, 0.1–1.2 g cm-3 and 0.4–6 MPa, respectively 
[11]. One of the most common methods to fabricate glass 
foams is by sintering glass powders, foamed by the 
development of gases, available from the decomposition 
or oxidation of specific powder additives called ‘‘foaming 
agents’’ [12]. This method allowed to exploit the recycled 
glass as raw material, reducing the production costs of 
glass foams, which constituted a key disadvantage due 
to diffusion in the building industry. The production costs 
are affected also by the foaming agents used [13]. 

Silicon carbide (SiC) represents an excellent foaming 
agent that gives controlled and precise cell sizes [14]. It is 
thought that SiC is the most commercially used foaming 
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agent for the reason of control and reproducibility but its 
high cost generally causes the producers of glass foams 
to prefer inexpensive carbon (carbon black, graphite, 
pyrolytic residues of organic compounds) [15,16]. 
Other suitable foaming agents are calcium sulphate (as 
gypsum), calcium carbonate (as limestone) [14], sodium 
carbonate [17] or fly ash [18], as a waste mainly from 
coal-fired power stations. 

In the present study two common glass wastes, 
window panes and bottle glass were recycled as glass 
foam using calcium sulphate from used ceramic casting 
molds. The suggested solution represents a new way 
to use the end-of-life molds, having the economic and 
ecological advantages generated by the employment of 
a waste, obtaining foam glasses with properties similar 
to the ones present on the market.

2. Experimental procedure  

2.1. Materials and sample preparation
The glass powder, having the granulometric fraction 
under 0.1 mm, had the composition presented in Table 1.

Plaster wastes from used ceramic casting molds, 
granulometric fraction < 0.1 mm, were used as foaming 
agent. The composition of the studied glass foams are 
shown in Table 2.

The raw materials were mixed together and then 
uniaxially pressed at 40 MPa into cylindrical samples 
having the diameter and height around 35 mm. The 
samples were dried at 80°C for 12 hours and then 
subjected to heat treatment at 900°C in an electrical 
furnace for 10 minutes. The samples were rapidly 
cooled from the foaming temperature to 600°C, in order 
to freeze the porous structure, then annealed at 500°C 
to remove stress and again quickly cooled to room 
temperature.

2.2. Characterisation methods
The shape, distribution and size of the pores in the glass 
matrix were analyzed by optical microscopy in reflected 
light, using an Guangzhou L 2020A microscope with a 
digital camera.

The apparent density of the obtained foam glasses 
was measured using the liquid saturation method under 
vacuum with water as a working liquid.

The hydrolytic stability of the glass foams was 
determined according to ISO 719-1985 using 2 grams 
of glass, having particles size less than 500 µm, kept 
for 60 min in 50 mL de-ionized water at 98°C. A volume 
of 25 mL of the obtained solution was titrated against 
0.01 mol L-1 HCl solution. The volume of HCl needed 
for neutralization is recorded in order to express the 
equivalent Na2O extracted.

The chemical stability of the studied glass foams 
was investigated by measuring the ion extraction using 
leaching tests performed according to the American 
Extraction Procedure Toxicity Test leaching procedure 
[19]. The procedure uses de-ionized water as an 
extractor fluid, the amount of water added was 10 times 
the amount of sample. The foam glasses were crushed 
to a particle size of less than 9.5 mm, subsequently 
dried in an oven at 110°C for 24 h. The main ions 
concentration in the extraction mediums was measured 
using a Varian SpectrAA 110 atomic spectrometer fitted 
with the Mark 7 flame atomization system.

The thermal conductivity of the investigated glass 
foams was investigated using a Tci C-Therm TH-
LKM thermal conductivity analyzer using a one-sided, 
interfacial heat reflectance sensor that applies a 
momentary, constant heat source to the sample.

Table 1. Oxidic composition of the recycled glasses used as precursors.

Recycled glass Composition (weight %)
SiO2 Na2O K2O MgO CaO Al2O3 Fe2O3

Window sheet 71.86 13.13 0.02 5.64 9.23 0.08 0.04

Bottle glass 72.00 13.00 - 1.00 12.00 2.00 –

Table 2. Batch composition of the studied glass foams [wt. %].

Sample Glass waste Plaster 
wasteWindow panes Bottle glass

1.1 96.97 - 3.03

1.2 - 96.97 3.03

2.1 94.12 - 5.88

2.2 - 94.12 5.88

3.1 91.43 - 8.57

3.2 - 91.43 8.57

4.1 88.89 - 11.11

4.2 - 88.89 11.11

5.1 84.21 - 15.79

5.2 - 84.21 15.79
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3. Results and discussion

3.1. Optical microscopy
The glass foams were sectioned in order to establish the 
pores dimension and distribution. The influence of the 
amount of plaster wastes upon the foaming process is 
illustrated in the microscopic images presented in Fig. 1.

The microsopic images of the first group of 
samples, containing window panes wastes, presents a 
development of the porous structure with the increase 
of the amount of foaming agent from 1.1 to 2.1. The 
inhomogenous microstructure with irregular pores 
having a high scattering size for the 1.1 glass foam, 
containing 3.03% plaster evolve into a more homogenous 
microstructure with pores having uniformly sized pores 
(around 50 µm) in the sample 2.1, containing 5.88% 
plaster. Increasing the amount of foaming agent from 
to 8.57% for the sample 3.1 to 15.79% corresponding 
to the last sample 5.1 leads to inhomogenous porous 
structure, having a highly scattered size, due to the 
coalescence of pores, favored by the decrease of the 
surface energy of the system [13].

The second group of samples, containing bottle 
glass wastes shows a similar behaviour. The increase 
of the foaming agent amount from 3.03% to 5.88% for 
the first two glasses has a favorable effect, such that 
the inhomogenous microstructure with irregular pores 
for 2.1 develops to a more homogenous structures with 
larger, uniformely sized pores (around 100 µm) for the 
2.2 glass foam. Further increase of the foaming agent 
amount up to 15.79%, correponding to the sample 5.2, 
generates inhomogenous porous structures with more 
scattered pore size distribution.  

3.2. The apparent density and the apparent 
        porosity  of the glass foams
The influence of the amount of plaster waste upon the 
apparent density and apparent porosity of the samples 
is illustrated in Fig. 2. 

The evolution of the apparent density and the 
apparent porosity for the studied samples shows trends 
similar to each other. For both wastes glasses used 
to synthetize the foam glasses there is a minimum 
of apparent density (0.47 g cm-3 for the sample 2.1 
obtained from window panes wastes and 0.51 g cm-3 
for the sample 2.2 based on bottle glass wastes) and 
a corresponding maximum of the apparent porosity 
(54.54% for 2.1 and 51.75% for 2.2), both glass foams 
containing 5.88% foaming agent. This amount of plaster 
waste resulted in an increase of the apparent density 
due to the increase of the thickness of the cell walls 
caused by the pores licuation. The obtained values for 
the porosity characteristics of the studied glass foams 
confirm the microscopic observations leading to the 
conclusion that the optimal amount of plaster waste is 
5.88%.

3.3. The hydrolytic stability of the glass foams
The resistance  of the studied glasses toward water 
aggresivity was analyzed in accordance with ISO 719-
1985, the results being summarized in Table 3.

The studied glass foams belong to the stability 
classes HGB1-HGB3. The influence of the apparent 
porosity upon the hydrolytic stability of the glasses is 
illustrated in Fig. 3.

The exponential increase of the Na2O leechability 
due to porosity of glasses is caused by the increase of 
the surface exposed to the water chemical aggresivity, 
with the opened porous structure generated by grinding 
having a favorable effect upon the glass/water surface 
swelling.

3.4. The ions immobilization in the glass foams
The leaching test had a duration of 14 days and 
28 days respectively, after which the solid and the liquid 
were separated by filtration. The lixiviate was chemically 
analysed using a Varian SpectrAA 110 atomic absorption 
spectrophotometer, the results beeing presented in 
Table 4.

The displayed values are expressed as percent ion 
measured in the lixiviate from the total ion amount in 
the glass foam. A superficial passivation effect can be 
observed, where the ions leeching after 14 and 28 days 
are very close in values. The leeching process of Na+ ions 
occurs at the water-glass interface, thus the increase 
of the foam glass surface due to its porosity, leads to 

Table 3. The hydrolytic stability and the corresponding stability class  
     of the investigated glass foams.

Sample Extracted Na2O 
equivalent [µg g-1]

Stability 
class

1.1 36.165 HGB2

1.2 117.442 HGB3

1.3 116.825 HGB3

1.4 88.232 HGB3

1.5 69.125 HGB3

2.1 28.443 HGB1

2.2 105.216 HGB3

2.3 96.455 HGB3

2.4 64.859 HGB3

2.5 36.128 HGB2
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(a)

 

(b)

Figure 1. Microscopic images (reflected light) of samples cross-sections: (a) using window panes wastes; (b) using bottle glass wastes.
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a higher Na+ lixiviation, the evolution of the equivalent 
sodium ions extracted upon the glass porosity having an 
exponential behaviour (Fig. 3).

The sensitive ion in these foam glasses was Ca2+ 
due to the increase sensibility of the CaO resulted 
by CaSO4 decomposition at humidity exposure. The 
influence of the plaster waste used as foaming agent 

upon the Ca2+ lixiviation in the investigated glasses is 
presented in Fig. 4. 

Quasilinear dependence between the amount of 
plaster waste used and the Ca2+ extracted can be 
established for both glass wastes used at 14 days and 
28 days, suggesting that the CaSO4•2H2O is the main 
vector for the Ca2+ present in the glass foam. 

(a)

(b)

Figure 2. The apparent density and the apparent porosity of the studied glass foams.

Figure 3. The influence of the glass apparent porosity upon its hydrolytic stability.
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3.5. Thermal conductivity of the glass foams
The results for the thermal conductivity are shown in 
Fig. 5.

The thermal conductivity was found to vary between 
0.121-0.181 W m-1 K-1 for the window panes wastes 
precursor glass and between 0.128-0.183 W m-1 K-1 for 
the bottle glass wastes. The optimal insulating properties 
were registered for the samples 2.1 and 2.2 containing 
5.88% plaster. 

The variation of the thermal conductivity with porosity 
is shown in Fig. 6.

The thermal conductivity decreases with increasing 
porosity was followed by the quasilinear variation  for 
both glass wastes precursors. All the glass foams are 
good insulators with thermal conductivities lower than 
0.25 W m-1 K-1. The values of λ range between the 

corresponding values of the two main phases presented 
in the foam material: the glass, having  λ  = 0.75-
1.45 W m-1 K-1 and the air from within the pores having  
λ = 0.023 W m-1 K-1.

4. Conclusions
The present paper describes an economical and 
ecologically efficient alternative to reclaim common glass 
wastes, such as window panes and bottle glasses as 
porous glasses using another waste as foaming agent: 
calcium sulphate from used ceramic casting molds.  

The microporous structure of the foamed glasses 
depends on the foaming agent amount. The optimal 
quantity of calcium sulphate was 5.88% (samples 2.1 

Table 4. The ions leeching from the investigated glass foams.

Sample Ion leeching [%]

Na+ Ca2+ Mg2+

14 days 28 days 14 zile 28 zile 14 zile 28 zile

1.1 0.141 0.142 0.266 0.268 BDL 0.011

1.2 0.220 0.222 0.335 0.337 BDL 0.015

1.3 0.219 0.220 0.340 0.356 BDL 0.014

1.4 0.184 0.185 0.468 0.478 BDL 0.014

1.5 0.165 0.167 0.694 0.701 BDL 0.013

2.1 0.111 0.121 0.229 0.242 BDL BDL

2.2 0.215 0.219 0.347 0.349 BDL BDL

2.3 0.197 0.199 0.352 0.388 BDL BDL

2.4 0.169 0.170 0.488 0.516 BDL BDL

2.5 0.143 0.144 0.701 0.734 BDL BDL

BDL – below detection limit

Figure 4. The influence of plaster waste amount upon the Ca2+ ion lixiviated from the glass foams.
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and 2.2), leading to an homogenous microstructure 
having uniformly sized pores (around 50 µm). Higher 
amounts of foaming agent generated inhomogeneous 
microstructures having irregular large pores with a high 
dimensional distribution. 

The apparent density and apparent porosity of 
the foam glasses ranged between 0.47-0.71 g cm-3 
and 20.19-54.54%, respectively for the glass foams 
obtained using window panes wastes and between 
0.51-0.72 g cm-3 and 18.77-51.75% when bottle glass 
wastes were used as precursor, depending on the 
amount of foaming agent. 

The hydrolytic stability of the porous glasses 
qualifies them as HGB1-HGB3 glasses having a good 
resistance toward water aggressivity, according to ISO 
719-1985. The apparent porosity greatly affect the 
hydrolitic stability of the glass foams by increasing the 
surface exposed to the water chemical aggressivity.

The chemical stability of the studied foam glasses 
was characterised by measuring the ionic lixiviation 
according to the American Extraction Procedure Toxicity 
Test procedure. The ions leeched after 28 days were 
Na+, Ca2+ and Mg2+ (the last ion was only detectyed when 
window panes waste glass was used as precursor). The 
presence of Ca2+ in these glass foams was considered 
important due to it’s increase sensibility at humidity 
exposure. The leechability of Ca2+ after 28 days was 
lower than 0.735% of the total Ca2+ present in the studied 
glasses. A quasilinear dependence between the amount 
of plaster waste used and the Ca2+ extracted can be 
established for both glass wastes used, suggesting that 
the CaSO4•2H2O is the main vector for the Ca2+ present 
in the glass foam. 

All the investigated glasses are insulating materials, 
having thermal conductivities lower than 0.25 W m-1 K-1. 
The optimal thermal conductivities were registered for 

Figure 5. The thermal conductivities of the studied glass foams.

Figure 6. The influence of apparent porosity upon the insulating properties of the glass foams.
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the samples containing 5.88% plaster. A quasilinear 
decrease of l with the increase of porosity was 
established for both window panes and bottle glass 
wastes. 

These results confirm the viability of the proposed 
solution for obtaining medium-high density foam 

glasses, that utilize common glass wastes and plaster 
from used ceramic casting molds as a foaming agent, 
where the final product has a good chemical stability 
and insulating properties.
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