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ARTICLE INFO ABSTRACT

Keywords: Great waste production alongside limited natural resources represents huge environmental and
Foam glasses economic problems worldwide. Sustainable waste management and industrial production can
Foaming

reduce pollution and gain some economic benefits. Eco-friendly thermal insulators such as foam
glasses can be produced using secondary raw materials in open-loop recycling. Foam glasses were
successfully produced using green bottle glass and sugar beet factory lime (SBFL), CaCOs-rich
waste as a novel foaming agent. Glass powder was mixed with different amounts of SBFL, uni-
axially pressed at 20 MPa, and sintered at different temperatures. The influence of sintering
temperature and the addition of a foaming agent was examined. Obtained samples were me-
chanically, thermally, and microstructurally characterized. Results showed that samples sintered
at 800 'C have the best properties. Obtained foam glasses can be used in a variety of industries
where thermal insulation, non-flammability, and non-toxic materials are required.

Sintering
Recycling
Thermal insulation

1. Introduction

The glass industry was among the first to start collecting and recycling its packaging and achieved one of the highest recycling rates.
Glass from containers, such as bottles and jars, can be recycled almost completely and indefinitely, without any loss in its quality or
purity. Recycling waste glass for the production of new glassy products leads to a lower amount of waste glass disposed of in landfills,
reduces the utilization of natural materials, and promotes the reduction of pollution [1]. In the European Union, the average glass
recycling rate was 74% in 2018. This means that over 11.6 million tons of glass bottles are collected, and recycled into food-grade
quality material for the production of new glass containers [2]. In the United States, the situation is far worse. In 2018., only 25%
of glass waste was recycled [3]. In 2021. only 46% of glass packing waste was recycled in Serbia. The Serbian Environmental Pro-
tection Agency has set a target for recycling rates in 2024. at 48% [4]. Waste glass packing can be recycled through closed-loop and
open-loop recycling [5]. Closed-loop recycling means that waste glass is returned to glass manufacturers to be re-melted into products
similar to the original. Sometimes, the impact of the transportation distance on the environment can be more devastating than the
benefits of glass incorporation in closed-loop recycling [6]. When waste glasses show a higher level of contamination, making them
unusable for closed-loop recycling, some environmental benefits can still be achieved through open-loop recycling [5]. Waste glass, as
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a secondary raw material in open-loop recycling, can be utilized as aggregate for asphalt [7], for the production of high-performance
concrete [8], for radiation shielding [9], for glass-ceramic preparation [10], etc. One of the promising research fields for the utilization
of waste glass is the production of foam glasses for thermal insulation.

Thermal insulation materials are mostly used in the building industry. Buildings’ envelopes are considered a main element for
improving their thermal performance because they account for 50-60% of all heat transfer [11,12]. Using thermal insulators lessens
the need for heating, ventilation, and air conditioning systems. As a result, it saves energy and uses fewer natural resources. Profits,
environmentally friendly materials, extending indoor thermal comfort times, lowering noise levels, fire prevention, and others are
benefits of thermal insulation applications [13].

Foam glasses are porous materials consisting of a solid glass matrix and gas phase, in the pores [14]. As a thermal insulator, foam
glass is competing with polymeric materials. Foam glasses have some superior properties compared to polymer foams: it has greater
mechanical strength, lower flammability, and high chemical durability. The most common way for foam glass production is sintering
with simultaneous gas release, where glass powder is mixed with a foaming agent and then the mixture is pressed to obtain pellets.
Pellets are heated above the glass-softening temperature, where sintering of the glass powder and release of gases from the foaming
agent occurs [15]. Released gas expands raw pellets and forms a porous structure. There are two ways of gas forming, by redox re-
action, and by thermal decomposition. Foaming by redox reaction usually happens by carbon black or SiC oxidation with oxygen
present in the entrapped, inter-particle atmosphere and with the addition of oxidizing agents. Oxidizing agents, such as Fe3O3 [16],
MnOj, Mny03, and Mn3O4 [17], and Co304 [18], are transition metals in higher oxidation states that may be reduced to lower
oxidation states to promote the appropriate amount of oxygen during the foaming process. Sodium and calcium carbonate are mostly
used in the process of foaming by thermal decomposition [19,20]. During the sintering process, the glass softens, and the carbonate
particles decompose to sodium/calcium oxide with the simultaneous release of gaseous carbon dioxide. The sodium/calcium oxide is
incorporated into the softened glass mass and acts as a glass modifier, changing the glass’s viscosity. The CO; gas which is released can
escape or be trapped in the viscous glass mass depending on the extent of sintering. In the well-sintered body, the CO, gas will be
trapped and its pressure will gradually increase, forcing the softened glass mass to expand [14].

There are numerous studies on foam glasses, but only a few where both the glass matrix and the foaming agents, used for pro-
duction, are secondary raw materials. Souza et al. used discarded glass bottles and eggshells as raw materials. Mixtures were sintered at
900 “C for 30 min and obtained foam glasses had porosities between 60 and 95% with thermal conductivities between 0.177 and 0.055
W/(m-K) [21]. The synthesis of foam glass from amber glass and pork bone was investigated by Gong et al. [22]. The powder mixture
was sintered at 850 "C for 10 min and foam glasses with high flexural strength (between 16.71 + 1.73 and 29.69 + 3.23 MPa) were
synthesized. Assefi et al. [23] researched the production of foam glass from LCD panels of TVs as the glass matrix and manganese
dioxide from scrap alkaline batteries and chemical grade sodium carbonate as foaming agents, respectively. Obtained foam glasses had
a compressive strength ranging from 28.7 to 8.7 MPa and an apparent density of 1.86-0.76 g/cm® and a thermal conductivity of 0.22
W/(m-K) at the density of 0.85 g/cm>. Arcaro et al. [24] made foam glasses from transparent glass bottles and banana leaves. The
obtained foam glasses have porosities between 58.5 and 87.5%, compressive strength ranging between 1.17 and 3.50 MPa, and
thermal conductivity ranging between 0.06 and 0.15 W/(m-K). Stochero et al. [25] produced foam glasses from discarded glass bottles
and pine scales as foaming agent. The samples had porosities between 78 and 86% with thermal conductivities between 0.072 and
0.093 W/(m-K) and compressive mechanical strength between 0.2 and 3.4 MPa. Souza et al. [26] investigated the production of foam
glasses made from discarded glass bottles and ornamental stone processing waste as pore-forming agents. Produced foams are with
properties compared to commercial ones, porosities are between 75% and 90%, thermal conductivities between 0.04 and 0.07
W/(m-K), and compressive strength between 1.0 and 4.3 MPa.

Sugar production from sugar beets passes through several steps. Sugar beet is sliced and sent to a diffuser in which the juice is
extracted from the beet cells. In this process raw juice (that contains around 14-15% dry substance) is obtained. The raw juice is then
sent to the next stage, i.e., the purification stage [27]. In this stage, the lime milk (Ca(OH)»), is used to treat heated raw juice to
destabilize and precipitate the suspended and colloidal particles of non-sugars. After that, the mixture is treated with CO5 gas to adjust
the juice pH and precipitate the lime (as CaCO3) with impurities [28,29]. Following purification, thin juice proceeds to the next stage of
sugar manufacture.

CaCOg is obtained as a byproduct of sugar production. It is called defection lime or sugar beet factory lime (SBFL) [29]. SBFL
doesn’t have wide utilization. It is mostly used as a pH adjuster or soil fertilizer [27], as epoxy composites [30], or as a filler for plastic,
rubber, or paper [31]. Most factories still discharge it in lime ponds or open dumping places which isn’t an environmentally friendly
methodology [27].

SBFL is CaCOj3-rich waste that can be used as a foaming agent in foam glass production. The green bottle glass as a glass matrix and
SBFL as a foaming agent are used in this research to synthesize foam glasses. The influence addition of the foaming agent on
microstructure, mechanical strength, and thermal conductivity was investigated at different sintering temperatures.

2. Materials and methods
2.1. Preparation and characterization of raw materials

Discarded green beer bottles were used as a glass raw material. The beer bottles were first crushed in agate mortar into a cullet and
then pulverized into fine particles with TENCAN planetary mill at 400 rpm for 60 min. Obtained glass powder was sieved to obtain

glass powder particles size under 48 pm.
Sugar beet factory lime (SBFL), used as a foaming agent, was obtained from a sugar factory in Crvenka, Serbia. SBFL was dried in an
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oven at 110 'C to remove moisture, then crushed in an agate mortar and sieved to particles size under 48 pm.

The chemical compositions of glass and SBFL were determined using gravimetric and spectroscopic methods (AAS Analyst 300).
Content of SiO5 and 1. o.i. (loss on ignition at 900 °C) were determined gravimetrically, while the content of oxides Al;03, CaO, MgO,
NayO0, Fe203, MnO, and Cr203, was determined by analyzing the content of their cations in solution by the method of atomic absorption
spectrometry (AAS).

A hot-stage microscope (HSM) with a Canon camera was used to determine the behavior of the glass powder during sintering. The
cylinder obtained by pressing the glass powder (<48 pm) was heated at the heating rate of 10 °C/min. The photos of the characteristic
shapes were taken during heating and were used to calculate the sample area at different temperatures. A ratio of A/Ap was used as a
shrinkage measure, where A is the initial area of the sample and A is the area at temperature T.

Thermogravimetry (TG) and derivative thermogravimetry (DTG) analysis of the SBFL was performed using SDT Q600 v7.0 Build
84 TG A/DSC TA Instruments device. The sample was heated in a static air atmosphere in alumina sample pans at the heating rate of
10 °C/min up to 7 = 900 "C.

2.2. Preparation and characterization of foam glass

Glass powder was mixed with SBFL, a source of calcium carbonate, to prepare three mixtures containing 2.5 mass% (S2.5), 5 mass%
(S5), and 7.5 mass% (S7.5) of CaCOs, respectively. Mixtures were mixed in TENCAN planetary mill at 400 rpm for 30 min to obtain
homogeneity. The mixture was uniaxially pressed in a Manfredi C 95 laboratory hydraulic press at 20 MPa with the addition of 5%
moisture as a binder. The obtained pellets had 10 g, 30 mm in diameter, and 6 mm thickness and were placed in an electric furnace
Carbolite CWF 13/13. Samples were heated at T = 750, 800, 850, and 900 °C for 30 min at a heating rate of 10 °C/min. Synthesized
samples were polished using SiC abrasive paper to obtain parallel surfaces of pellets.

Crystalline phases in the samples were identified using a Philips PW-1710 automated diffractometer with a Cu tube operated at 40
kV and 30 mA.

The true density (py) of glass powder was measured using the pycnometer method [32] and the geometrical density (pg) of the foam
glass samples was calculated from the mass-volume ratio of the samples. The porosity (¢) of the samples was estimated using equation

1):
e=(1—p,/p ) x 100 ™

A compression test on three samples was used to determine the mechanical strength of samples using the Compressive strength
measurement apparatus (100 (kN) cell load capacity, Alfred J Amsler & Co, Germany).

The thermal conductivity of samples was determined in a thermal conductivity analyzer, model TCi Thermal Conductivity
Analyzer, C-THERM Technologies Ltda., CA (according to ASTM D7984-21 [33]). The measurement was performed at room tem-
perature. Five measurements were performed on each of the samples.

The morphology and pore structure of the foam glasses was investigated by photographing samples and analyzing them on the
ImageJ software [34]. The polished surface of the samples was examined, and more than 1000 pores were analyzed to ensure statistical
significance.

3. Results and discussion
3.1. Characterization of raw materials

Table 1 Shows the results of the chemical analysis of the green bottle glass.

The chemical composition of the glass is typical for soda-lime silicate glasses used for the production of bottles. SBFL is obtained in a
filter press during raw juice purification and typically contains about 30% of moisture. The main component of dried SBFL is calcium
carbonate, but it also contains a low amount of nitrogen compounds, minerals, and sucrose [35]. Chemical analysis of dried SBFL
shows that it consists of 69.21% CaCOs.

The geometric shapes of the fixed viscosity points [36] during the heating of glass powder are given in Table 2.

The temperature of the first shrinkage (Tgs) is the one at which the sample shrinks to roughly 3-5% of its initial area and the usual
viscosity is 1081%%1 pa s. The Tp is the viscosity point of 10%3%0! Pa s, where the first signs of softening may be observed when the
sample edges are rounded. At Tg the sample becomes spherical and viscosity is 10*4*01 pa 5. The half ball temperature, Tyg, corre-
sponds to a viscosity of 103101 pa s, and the flow temperature (Tf) is the temperature of molten glass where viscosity is 10>**%! pa's
[36,37]. Based on the results given in Table 2, parameters for the Vogel-Fulcher-Tammann equation (A, B, and Ty(K)) were deter-
mined [36].

Glass powder densification begins at about 590 °C, while glass softening occurs around 700 °C (Fig. 2a.). Glass begins to expand

Table 1
Chemical composition of the green bottle glass.

Oxides SiO, Al,O3 CaO MgO Na,O Fe,03 MnO Cry03 L.o.i.

mass % 71.8 2.46 10.21 2.05 12.74 0.42 0.0121 0.11 0.62
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Table 2
Experimental images of the fixed viscosities points.
Temperature, C Viscosity, Pa s HSM image

Starting sample 25 / .
Temperature of the first shrinkage, Trs 590 1081 ..
Softening temperature, Tp 700 1053 -.-
Sphere temperature, Ts 800 10*4 ‘
Half-ball temperature, Typ 850 1031 -.-
Flow temperature, T 1020 10%4 ‘

above 800 °C. Fig. 2b indicates weight loss at 130 °C owing to water evaporation, and at 310 and 460 °C because of the decomposition
of organic components contained in the raw juice purification sample. The sample begins to decompose significantly at about 600 °C,
and the largest weight loss (~37%) occurs at around 800 °C. There is no weight loss in the sample after 800 °C. This is very similar to
the temperature interval for pure CaCO3 decomposition [38].

In the literature can be found that foaming of soda lime silicate glasses occurs in a viscosity window between 107-10° Pa s [15].
Based on these results, 2.5 mass% (S2.5), 5 mass% (S5), and 7.5 mass% (S7.5) of CaCO3 from SBFL as a foaming agent are used to
investigate foaming agent addition on properties of foam glasses sintered at 750, 800, 850, and 900 °C, where the viscosity of glass is in
10*5-10%! Pa s range, determined from Fig. 1.

3.2. Characterization of foam glasses

3.2.1. XRD analysis

Sodium-calcium silicate glasses used as packaging have a low tendency towards crystallization. Glass powder has a greater ten-
dency towards crystallization than bulk glass of the same composition. The crystallization tendency changes with surface roughness.
The nucleation trend is higher on unpolished surfaces [39]. Pressed glass powder with the foaming agent has many nucleation sites so
nucleation and crystallization can occur at a temperature range where the foaming agent decomposes and viscous sintering of glass
powder occurs. The crystallinity rate and the type of the crystalline phases depend on the chemical composition of the mixture as well
as the sintering temperature, and both have an impact on the properties of the resulting foam glass. Fig. 3 Shows XRD diffractograms of
obtained foam glasses. These diffractograms reveal a broad XRD peak between 14° and 40° typical of silica-based glasses, as well as
diffraction peaks indicating crystalline phases. The intensity of a broad peak between 14° and 40° decreases with increasing foaming
agent content, indicating that as the foaming agent content increases, so does the crystallinity of the samples. This can be confirmed by
the increased number and intensity of diffraction peaks indicating certain crystalline phases. The same trend can be observed with the
rise in sintering temperature. The greater the sintering temperature, the higher the amount of crystalline phase.

Diopside is the most dominant crystalline phase formed after sintering in the temperature range 750-900 °C (10*°-10%! Pas). In
sample S7.5 sintered at 750 °C, wollastonite was detected next to the diopside. In all samples regardless of foaming agent addition

10 log n=0.88+1561.04/(T-681.16)

logn
-

44 n
Working range \'

T T T T T
900 1000 1100 1200 1300
Temperature (K)

Fig. 1. Viscosity curve of glass powder obtained from fixed viscosity points determined by HSM.
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Fig. 2. A) HSM of the green bottle glass, granulation of powder <48 pm, heating rate v = 10 °C/min; b) TG/DTG of SBFL granulation of powder
<48 um, heating rate # = 10°C/min. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
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Fig. 3. XRD diffractograms of foam glasses sintered at a) 750 °C, b) 800 °C, ¢) 850 °C, and d) 900 °C, 1- Diopside (CaMgSi»O¢) 2- Wollastonite

(CaSiO3), 3- Merwinite (CagMg(SiO4)2).

wollastonite crystals were identified in the temperature range 800-900 °C (10%°-10%! Pa s). The appearance of merwinite has been
confirmed after sintering at 800 °C and 850 °C while at 900 °C only diopside and wollastonite crystalline phases are detected in the
samples. It is evident that in all samples, regardless of sintering temperature, non-stoichiometric crystallization occurs.

In the sample S2.5 sintered at 750 °C the crystallization is at the beginning and in Fig. 3a only peaks corresponding to diopside can
be seen. Samples S5 and S7.5 sintered at the same temperature have higher levels of crystallinity. Increasing the amount of CaCO3
tends to enhance crystallization. This is probably a consequence of the influence of CaO (decomposition product) on the viscosity. CaO
breaks down the silica network and decreases viscosity so the crystallization will be enhanced. Also, during non-stoichiometric
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crystallization, the chemical composition of the residual glass matrix continuously changes with time. These compositional shifts,
resulting from the formation of two main phases (diopside and wollastonite), probably lead to a decrease in viscosity and an additional
increase in crystallization.

3.2.2. Mechanical properties of foam glasses

The porosity of foam glass has a strong influence on the mechanical and thermal properties of foam glass. It is well known that as
the porosity of the sample increases, its mechanical strength decreases. Table 3 Shows the total porosity and compressive strength of
foam glasses.

Commercial foam glasses usually have compressive strength between 0.4 and 6 MPa according to Scheffler and Colombo [14], and
foam glasses produced in this research fit into a defined range. It can be seen from Table 3., as is expected, that at all sintering
temperatures, the compressive strength of foam glasses increases as porosity decreases. It is evident that increasing the addition of
CaCOg leads to a decrease in porosity at all sintering temperatures, implying that samples S5 and S7.5 contain more than the optimal
amount of CaCOs.

At 750 °C (10*° Pass), the sintering is incomplete, and the resulting structure permits gases from carbonate decomposition to escape
into the atmosphere. The sintering temperature of 750 °C is insufficient to completely decompose all SBFL, which has a maximum mass
loss at 800 °C (Fig. 2b). When compared to samples sintered at higher temperatures, those sintered at 750 °C had lesser porosity. The
higher compressive strength of S2.5 sintered at 750 °C compared to other sintering temperatures is a consequence of poorly developed
pores in the sample [21].

Sample S2.5 had a porosity of roughly 90% at higher sintering temperatures of 800-850 °C (10>°-10%* Pa s), indicating that the
well-sintered structure prevents gases from carbonate decomposition from exiting. Sintering is difficult for samples S5 and S7.5
because they have more than the appropriate amount of CaCOs, and extra gases might escape the structure, reducing porosity. Also, an
increased amount of CaCOg3 tends to enhance crystallization, which in turn is expected to increase the overall viscosity of the system,
hindering the sintering and foaming (expansion). Therefore, samples S5 and S7.5 have lower porosity than samples S2.5. Reduced
porosity combined with increased crystallinity (Fig. 3) increases compressive strength [40]. At the 900 °C (10>! Pa s) sintering
temperature, due to low viscosity, gasses from decomposition escape easily, resulting in the collapse of the foam so the porosity of the
samples S2.5 is lower than for those sintered at 800-850 °C.

Although all samples S7.5 (Table 3.) have much greater mechanical strength than samples S2.5 and S5, they have a porosity of less
than 70%, which is insufficient for thermal insulation due to increased thermal conductivity [26].

3.2.3. Thermal properties of foam glasses

The dominant mechanism for heat transfer in foam glasses is conduction (Fourier’s law). The density and porosity of the foam glass
have the most influence on its thermal conductivity [21]. Fig. 4 Depicts the influence of density on thermal conductivity at different
sintering temperatures.

The thermal conductivity of the samples changes in a manner similar to the density changes as the amount of foaming agent is
increased. When the amount of foaming agent is increased, both the thermal conductivity and density of the samples increase at all
sintering temperatures. In general, reduced density (and larger porosity) leads to decreased thermal conductivity at all sintering
temperatures. The best thermal insulation properties have a S2.5 sintered at 800 °C (density 0.211 g/cm® and thermal conductivity
0.043 W/(m-K). The increased amount of CaCOj3 (S5) at the same sintering temperature leads to the rise of density to 0.521 g/cm® and
an increase of thermal conductivity by 25% (0.058 W/(m-K)), while compressive strength improves by 37%, from 0.63 MPa to 0.99
MPa (Table 3). According to all previous analyses of the density, compressive strength, and thermal conductivity, of the produced foam
glasses, the amount of foaming agent and sintering temperature has a significant impact on its mechanical and thermal properties.
Depending on the required properties of the material for usage as an insulator, foam glasses with various combinations of properties
can be produced by altering the amount of foaming agent, whether is more important to have improved compressive strength or
thermal conductivity. A sintering temperature of 750 °C is not optimal for foam glasses production as discussed in section 3.2.2., and a
further increase in sintering temperature (to 850 °C and 900 °C) does not improve the properties of foam glasses (thermal conductivity

Table 3
Total porosity and compressive strength of obtained foam glasses.
Sintering temperature, °C Name Porosity, % Compressive strength, MPa
750 S2.5 82.1 £1.3 0.90 £ 0.16
S5 60.6 + 0.8 0.93 + 0.11
S7.5 43.8+ 0.6 3.38 + 0.24
800 S2.5 91.9+£0.1 0.63 £+ 0.04
S5 799 £ 2.9 0.99 + 0.14
S7.5 46.0 + 0.4 2.16 + 0.12
850 S2.5 89.7 £ 1.7 0.48 £ 0.07
S5 78.8 £ 4.9 1.03 + 0.05
S7.5 66.9 + 0.1 1.40 & 0.24
900 S2.5 89.0 £ 0.5 0.76 + 0.07
S5 833+ 21 1.37 £ 0.28
S7.5 55.4 + 2.0 1.93 & 0.44
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Fig. 4. Density and thermal conductivity of samples sintered at: a) 750 °C b) 800 °C, c) 850 °C and d) 900 °C.

of 0.050 and 0.045 W/(m-K) for Samples S2.5, and 0.066 and 0.054 W/(m-K) for Samples S5, respectively). Therefore, increasing the
sintering temperature beyond 800 °C will not improve thermal insulation properties, and more importantly, will use more energy and
raise production costs.

3.2.4. Microstructural properties of foam glasses

Apart from phase composition, density, and total porosity, pore size distribution has a considerable impact on the mechanical and
thermal properties of foam glasses. Fig. 5 Presents digital images of synthesized foam glasses with their pore size distribution.

Fig. 5 Shows that the polished surface of S2.5 sintered at 750 °C exhibits a few larger pores among tiny pores. Pore size hetero-
geneity might result from particle agglomeration, an inhomogeneous distribution of foaming agents, or a temperature difference in the
furnace [14]. The pore structure of samples S5 and S7.5 has a homogeneous size distribution, with the median pore size of samples S5
and S7.5 193.4 pm and 146 pm, respectively.

An increase in sintering temperature to 800 °C leads to better development of pores and their increase in size. Samples S2.5 and S5
had dgg pore diameters that are similar (about 1300 pm). S2.5, with a porosity of 91.9%, has a 32% larger median pore size than S5
(423 pm vs. 291 pm), with a porosity of 79.9%. Pore size has a significant effect on the properties of produced foams. In this case, S2.5
has a somewhat lower thermal conductivity than S5 (0.044 W/(m K) vs. 0.058 W/(m K)), but its compressive strength is just 0.62 MPa
compared to 0.98 MPa for S5. S7.5 has the same undeveloped pores as S7.5 sintered at 750 °C, with a median size of 169 pm. Samples
sintered at 850 °C and 900 °C follow the same pattern as samples sintered at 800 °C. Sample S2.5 sintered at 850 °C has a median pore
size of 379 pm and a compressive strength of 0.48 MPa, whereas S5 has a compressive strength of 1.03 MPa and a 25% lower median
pore size (286 pm). At 900 °C, the median pore size is decreased from 310 pm in S2.5-274 pm in S5. Samples S7.5 sintered at 850 and
900 °C exhibit larger pores than at lower sintering temperatures. At higher sintering temperatures internal pressure of released CO2
increases and the viscosity of glass decreases, and the pore size tends to increase with the coalescence of smaller pores leading to
greater pore size.

Generally, an increase in internal pressure leads to greater pore size and more gaseous phase in the sample which causes thinner
pore walls in the foam glass sample. More gaseous phase improves thermal insulation properties, but it has a negative effect on
compressive strength because the thinner the pore wall, the poorer mechanical properties. Foam glass may be tailored to desired
unique properties by adjusting the amount of foaming agent and sintering temperature.
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Fig. 5. Digital photographs and pore size distribution of foam glasses sintered at different temperatures.

3.3. Comparison to other construction and insulating materials

Foam glasses produced in this research can find application in the building industry as an environmentally friendly insulating
material. The density of different building materials and some research on foam glasses as a function of thermal conductivity is shown
in Fig. 6.

It can be seen from Fig. 6 that application of insulating materials can reduce the thermal conductivity of buildings’ envelope,
meaning that energy consumption can be reduced for heating or cooling of the buildings. The very low thermal conductivity of
insulating materials can improve the energy efficiency of buildings envelopes built with traditional construction materials. It can be
observed that produced foam glasses have very low thermal conductivity, similar to polystyrene foams and rock wool. Although foam
glass synthesized in this research has greater density and thermal conductivity than polystyrene foams and rock wool it has some
benefits for a potential application. Foam glass has a higher resistance to fire than polystyrene foams [41] and raw materials are “free
of charge” because it is produced entirely from secondary raw materials. It can be produced as panels, easy and safe to handle and
install.

4. Conclusion
The foam glass was successfully prepared using only secondary raw materials, green bottle glass as the glass matrix, and SBFL as a

foaming agent. SBFL showed that it can be a novel and environmentally friendly substitution for reagent grade CaCOs for foam glass
production. Different amounts of SBFL were added to examine the influence of foaming agent addition on the properties of foam
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Fig. 6. Density vs Thermal conductivity for: 1- polystyrene foams, 2- rock wool [41], 3- cork board, 4- foamed concrete, 5- aerated concrete, 6- fired
bricks, 7- lime sand bricks, 8- lightweight concrete, 9- concrete hollow bricks [42], 10- [20], 11- [24], 12- [26], 13- [21], 14- [43] %- S2.5 sintered
at 800 °C.

glasses at different sintering temperatures. At 750 °C pores didn’t fully grow. At higher sintering temperatures CaCO3 from SBFL fully
decomposes. The greatest porosity (91.9%) and the lowest density (0.211 g/cm®) has $2.5 sintered at 800 °C. This sample also shows
the lowest thermal conductivity, 0.043 W/(m-K), and compressive strength of 0.63 MPa. These properties of obtained foam glass are
comparable to commercial products. Sintering at temperatures of 850 °C and 900 °C doesn’t improve the porosity and thermal
conductivity of foam glasses. Open-loop recycling of secondary raw materials used in this research can contribute to the sustainable
utilization of waste materials for the production of thermal insulators. At the same time reduction of waste disposal, sustainable
development, and economic benefits can be achieved.
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