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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Foam glass, an inorganic insulation material, is primarily manufactured from recycled glass or sand combined
with a foaming agent. During fabrication, gas bubbles are generated in the softened glass, causing it to expand
and form a cellular structure. Critical parameters such as cell size, type (closed or open cells), distribution, and
uniformity significantly influence the physical and chemical properties of foam glass, ensuring sustained thermal

efficiency. This research aims to produce foam glass exclusively from waste materials, thereby promoting the
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Com;?u?:fi tomography circular economy by utilizing container glass, cathode ray tube (CRT) glass, and aluminium dross. A compre-
Foam glass hensive microstructural analysis, employing computer tomography and scanning electron microscopy, eluci-

dated key properties including density, thermal conductivity, and water absorption. The manufactured foam
glass exhibited lightweight characteristics, with a density ranging from 0.15 to 0.18 g/cm®. Additionally, the
foam glass demonstrated low thermal conductivity (between 0.038 W/m-K and 0.05 W/m-K), which can be
attributed to the heterogeneous distribution of cells that effectively reduce heat convection. This property makes
foam glass an excellent thermal insulator. Furthermore, both high-absorption (open porosity) and low-absorption
(closed porosity) foam glasses were successfully produced.

1. Introduction

Currently, ensuring the energy efficiency of new infrastructure has
become a critical issue. One promising solution is the development of
effective heat-insulating materials, with foam glass emerging as a highly
promising option. Foam glass features a cellular-like structure charac-
terized by low density, excellent chemical stability, and incombustibility
[1-7]. It is renowned for its application in the construction of
energy-efficient Passive Houses [8,9], pavements, roads, harbor areas,
bridge embankments, ramps, and culvert foundations [9,10].

The primary inconvenience of using foam glass is its high cost, which
often drives customers to opt for alternative insulating materials.
However, since the main component of foam glass is glass powder
combined with a foaming agent [11-14], using waste materials as a
substitute can help mitigate source depletion, promote the circular
economy, and effectively manage waste disposal. In this contest, foam
glass can be made with different waste materials such as waste glass
[15-18], fly ash [19-24], wood ash [25], plaster waste [26], high
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titanium blast furnace slag [27,28], red mud [28,29], geopolymers [30,
31].

In this study, two hazardous wastes (cathode ray tube (CRT) glass
and aluminium dross) were combined with container glass to produce
foam glass. CRT glass contains barium, strontium, lead, and other haz-
ardous elements such as antimony, europium, and selenium [32-34].
Lead poses a risk of dispersing poisonous substances during the
remelting process, making the recycling of CRT glass challenging and
necessitating special safety measures. Addressing this issue is critical for
developing effective treatment systems for Waste Electrical and Elec-
tronic Equipment (WEEE) [32]. The most effective approach is to
transform CRT glass into functional materials [35-41].

A similar problem occurs with aluminium dross, a byproduct of the
secondary aluminium industry during aluminium scrap processing.
Aluminium dross may contain up to 30 % aluminium oxide, 30-55 %
sodium chloride, 15-30 % potassium chloride, 5-7% metallic
aluminium, and impurities such as carbides, nitrides, sulfides, and
phosphides) [31,42-46]. Due to these impurities, it is classified as toxic
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and hazardous waste and must be handled under specific legalization
[46-48]. Pyrometallurgical and hydrometallurgical methods can be
used to recycle aluminium dross [46,49-53]. However, these methods
generate non-metallic waste and require additional treatment to remove
aluminium nitride (AIN) [54].

The most effective way of recycling aluminium dross is to use it
directly in the production of valuable products such as composites, al-
loys, aluminum derivative compounds, aluminium-alumina refractories,
refractory coatings, cement clinker production [31,55], catalyst support
for glycerol dry reforming [56], and as a partial replacement for sand in
sandcrete blocks [44]. Few studies have explored the addition of
aluminum dross to foam glass [1,51,57,58]. In this paper, we not only
used aluminium dross but also combined it with another hazardous
material (CRT glass), utilizing both in significant quantities, reaching up
to 20 wt% of the overall raw material.

In conclusion, this paper demonstrates the potential of producing
foam glass using 100 wt% waste materials: container glass, cathode ray
tube (CRT) glass, aluminium dross, and silicon carbide. We discuss the
effects of the chemical composition of these waste materials on the
microstructure and characteristics of the foam by explaining the
different chemical bonding taking place during foaming. This leads to
establishing the relation between porosity, density, and thermal con-
ductivity for optimal foam glass that can compete with commercial foam
glass.

2. Materials and experimental procedures
2.1. Materials and sample preparation

Glass containers were collected from households in Miskolc (white
glass). A process of washing, cleaning, drying, crushing, and milling was
carried out on the containers. Horiba Laser Scattering Particle Size
Distribution Analyzer LA-950 was used to measure the particle size of
the glass powder. According to the cumulative curve, D95 corresponds
to 94 pm. To reach a smaller particle size, a 63 pm sieve was used. CRT
glass powder with particle size of less than 63 was supplied by Daniella
Ipari Park Ltd. The aluminium dross was provided by Arconic-K6fém
Mill Products Hungary Ltd., Szekesfehervar, Hungary. As received, the
dross was treated to remove the metals and salt content by Kekesi et al.
[59]. The process starts with melting aluminum slag to recover metals,
then the remaining dross is crushed, milled, and washed with distilled
water three times to remove salt content.

The chemical composition of the bottle and CRT glasses was deter-
mined by X-ray fluorescence (Rikagu Supermini, Rigaku Europe SE,
Neu-Isenburg, HE, GER). The dross mineral composition was deter-
mined by X-ray powder diffractometry (XRD) (XRD,Rigaku Miniflex II,
Rigaku Corporation, Tokyo, JPN)) and analyzed by Rietveld-fitting. The
particle morphology of the raw materials was characterized using a
scanning electron microscope (SEM) Zeiss EVO MA10 (Carl Zeiss AG,
Oberkochen, BW, GER.).

The mixtures were prepared by taking container glass as the basic
component and adding 10 wt% dross while varying the amount of CRT
glass content (0, 5, and 10 wt%). 2 wt% silicon carbide was added as a
foaming agent. 100 g of each composition were weighed and homoge-
nized in a laboratory mixer for 10 min at 300 rpm.

Mixture foaming behavior was investigated using a heating micro-
scope (MicrOvis, Camar Elettronica). An approximately 5 mm height
and 2 mm diameter sample was pressed using the microscope mold kit
and placed on an alumina sheet in the microscope furnace. The sample’s
silhouette changes depending on the temperature to identify the
beginning of sintering, softening, sphere, half-sphere, and melting
temperatures. The maximum sample height corresponds to the foaming
temperature.

After determining the exact foaming temperature, 10 samples from
each mixture were prepared by pouring 5 g into a stainless-steel mold
and pressing under 11 MPa for 10 s into a cylindrical shape (diameter =
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Table 1

Composition of the mixtures (wt%).
Name Dross 64 SiC CRT G
G 0 2 0 98
G5CRT 0 2 93
G10CRT 0 2 10 88
G10D64 10 2 88
G5CRT10D64 10 2 83
G10CRT10D64 10 2 10 78

20 mm, height = 11 mm). In an electric chamber furnace, the samples
were sintered at a heating rate of 5 °C/min and a holding time of 10 min.

In the sample coding (Table 1), G refers to the base glass, the first
digit refers to the amount of CRT glass content (5 or 10 wt%) and the
second digit presents the amount of aluminium dross (0 or 10 wt%). D64
is the type of dross used.

2.2. Characterization methods

After sintering, volume expansion, water absorption, bulk density,
porosity, microstructure, thermal conductivity, and compressive
strength were investigated.

The samples were cut into cylindrical shapes (diameter = 40 mm,
height = 16.5 mm) to measure the volume expansion and the apparent
density. The apparent densities of the samples were calculated as mass
per volume (g/cm®). The volume expansion coefficient was calculated as
follows:

Volume expansion Coeff (— )= (Vz — V;) / Vi (@D)]

Where: V; and Vg are the volume of the sample before and after firing
(ecm®) respectively.

Water absorption measurement was made according to method B of
the Hungarian standard MSZ EN 1217 B. After boiling for 4 h in distilled
water, samples were soaked for 24 h then the water absorption was
calculated as follows:

Water absorption (%) = — ™47, 109 @
Mdry

Where: mgry and mye indicate the weight of the dry sample and the
weight of the soaked sample (g) respectively.

For macrostructure analysis photos of the foam glass were taken.
Besides, using computerized tomography (YXLON CT computed to-
mography system scan), images of the foam were taken from different
angles, and cross-sectional images (slices) were created without
destroying the samples. For the microstructure characterization, the
samples were sent to scanning electron microscopy (SEM) with a Zeiss
EVO MA10 (Carl Zeiss AG, Oberkochen, BW, GER). Coating the samples
with gold is required to prevent thermal damage, inhibit charging, and
improve the secondary electron signal.

The porosity (open and closed pores) of the foam was determined
through the measurement of the skeletal density and the powder density
(ground in mortar) using a Helium pycnometer (Ultrapyc 1200e Auto-
matic Gas Pycnometer, Quantachrome GmbH & Co. KG, Odelzhausen,
BY.).

4;:(1—”1’—""‘) x 100 3
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The skeletal density (psel) is the density of the foam structure
measured by the He pycnometer.

The bulk density (ppuik) is the geometrical density calculated as the
mass per volume.

The solid density (psoliq) is the density of the powder issued from
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Figure 1. SEM analysis of CRT glass (A) and dross 64 (B).
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Table 2
Chemical composition (wt%) of container glass (G) and CRT glass (XRF analysis).
Sample SiO, Al,03 MgO CaO Na,O K.0 Fe,03 F S MnO TiO, P,05
G 74.0 1.3 2.26 8.32 12.03 0.62 0.45 <0.3 0.18 0.008 0.048 0.011
CRT 53.5 1.6 0.26 0.56 5.11 5.30 0.05 <0.3 0.02 <0.005 0.317 <0.005
Table 3
Hazardous elements in CRT glass (XRF analysis, DL = detection limit)).
Element (ppm) Cu Zn Pb Rb Sr Ba As Cr Co Ni Zr
CRT 14 1808 2342 <10 3.73 10.51 33 <DL 11 70 0.40 %
3. Results and discussion
3003 Spinel (MgAl,0,) 22.54% O}
2803 Wurtzite (AIN) 10.65% [ . L.
2603 Nordstrandite (AI(OH)s) 18.01% [g] 3.1. Raw material characterization
240 Nordstrandite (Al(OH)3) 18.01% [i]
3 Bayerite (B-Al(OH);) 39.25%  [i . . .
20 Corundom (ALO,) 6.77% [ Fig. 1 illustrates the morphology of raw materials. The CRT glass
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Figure 2. Mineral composition of the aluminium dross (XRD analysis).

grinding the foam glass.

The thermal conductivity was measured using a TCi thermal con-
ductivity analyser (C-Therm Technologies Ltd., Fredericton, NB, CAN)
applying the Modified Transient Plane Source Method (as per ASTM
D7984) [60].

700 750 800 850 900 950 1000 1050 1100
Temperature, ° C

A

micrograph displays polyhedral shapes in the order of 20-50 pm with
multiple planar faces surrounded by small debris. Similar to container
glass, CRT glass is composed of silica, sodium oxide, and calcium oxide,
with minor amounts of magnesium or alumina. However, it contains
hazardous elements such as Pb, Sr, and Ba (Table 2, Table 3).
Aluminium dross is mainly composed of aluminium oxides and spinel
in the form of round grains, whisker crystals, and a minor fraction of salt
content with a rigid and rough structure. Dross mineral composition
shows phases such as spinel (MgAl»04), bayerite ($-Al(OH)3, wurtzite
(AIN), corundom (Al;0O3), halite (NaCl), nordstrandite (Al(OH)3)
(Fig. 2). Residual salts can act as flux and reduce the foaming temper-
ature. Residual aluminium can be present in form of aluminium hy-
droxide or aluminium oxy hydroxide, depending on the heat treatment.
a-aluminium oxide is the most thermodynamically stable form of
alumina [61,62]. The high amounts of wurtzite (AIN) may play a crucial
role in the foaming process as shown in the following equation [62]:

—G10D64

——G5CRT10D64

——G10CRT10D64

700 750 800 850 900 950 1000 1050 1100
Temperature, ° C

B

Figure 3. Heating microscopy curves of dross-free samples (A) and samples with dross (B).
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Table 4
Foaming characteristics: maximum height during foaming and corresponding
temperature for the mixtures.

Name himax (%) Thmax) (°C)
G 158 847
G5CRT 160 849
G10CRT 154 860
G10D64 160 869
G5CRT10D64 155 858
G10CRT10D64 168 860

12

H A203 content

m MgO content

# CaO content
Na2O content

Oxides content, wt%
o

| i

0 T T

G SCRT GI0CRT G10D64
Sample name

GSCRT10D64 G10CRTD64

Figure 4. Al,03, MgO, CaO, and Na,O content in the samples.
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4AIN(s)+304(g) = 2A1,03(s)+2N2(g) ()

3.2. Heating microscopy analysis

The foaming behavior of the mixtures can be observed in Fig. 3.
Table 4 exhibits the foaming temperature chosen which corresponds to
the maximum heating height recorded by the camera during sintering.
In all the mixtures, the foaming temperature didn’t exceed 870 °C with
the foaming height ranging from 154 to 168 %. Due to the similarity of
viscosity of lead glass and commercial soda-lime-silica glass (10% to 10'°
P) [63], samples with only container glass and samples with 5 wt% CRT
glass have similar foaming temperature (849 °C) and height (160 %).
Samples with 10 wt% CRT glass have a higher foaming temperature
(860 °C) which indicates a higher viscosity environment at 849 °C.

Dross-containing samples have a higher foaming height compared to
the dross-free samples. Samples with the maximum CRT glass and dross
content combined (G10CRT10D64) have the highest foaming height
(168 %). It may be due to the self-foaming mechanism of the dross where
aluminium nitride decomposes and releases gaseous products like NHs,
N, and NO at a temperature between 800 and 920 °C [51,57].

3.3. Cell size characterization and chemical composition of the foam glass

Foam structure (cell shape, distribution, and thickness) is the result
of the viscosity during the foaming process. In vitreous silica, the
elevated viscosity is attributed to the robust Si-O bonds that prevail at
low temperatures. These bonds exhibit resilience and only undergo
breakage at relatively high temperatures, leading to a gradual reduction
in viscosity. In addition, the viscosity of soda lime silica can be signifi-
cantly modified by the presence of cations and alkali contents. This will
lead to the question of whether the same case can take place in the foam
glass as it contains a high amount of cations and alkali content (Fig. 4).
Alkali oxides like NaO can create non-bridging oxygen causing viscosity

CRT

Dross

5 wt%

10 wt%

0D

10D64

G10D64

G5CRT10D64

G10CRT10D64

Figure 5. Macrographs of the foam glasses (scale = 5 mm).
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Container glass, 10 wt% CRT and 10 wt% dross sample (G10CRT10D64)

Figure 6. CT scans of the samples.
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Table 5
Statistical parameters of the cell size distribution determined from the 2D CT scan.
G G5CRT G10CRT G10D64 G5CRT10D64 G10CRT10D64
Average (mm) 0.72 0.79 0.76 0.62 0.69 0.68
Median (mm) 0.72 0.57 0.48 0.38 0.43 0.44
Mode (mm) 0.74 0.30 0.27 0.26 0.31 0.27
Maximum (mm) 3.13 3.18 5.50 7.23 6.06 7.54
Minimum (mm) 0.16 0.14 0.13 0.02 0.13 0.03
Standard deviation 0.29 0.53 0.71 0.65 0.66 0.75
reaching a CRT glass content of 10 wt%, the maximum cell size expands
T to 5.5 mm, adopting an oval shape and exhibiting a heterogeneous
10000 gSCRT structure (SD = 0.71). This notable increase may be attributed to the
e presence of a high content of Na;O and CaO leading to the creation of
M - i i non-bridging oxygens and consequent viscosity reduction. Lower vis-
. G10D64 . N . . .
1000 4 e GSCRT10D64 cosity will allow the creation of bigger bubbles. Thus, by adding CRT
i 1 - G10CRT10D64 glass content the alkali oxides will increase which will lower the vis-
- 1 1. cosity where the outer walls of the bubbles will collapse and merge
5 1007 A A during gas generation.
o By adding aluminium dross to the container glass, sample exhibits a
104 rother increase in the heterogeneity of the cells (SD = 0.65) with
I irregular cell shapes and larger-sized cells that can reach a maximum
size of 7.23 mm. Simultaneously, the minimum detected cell size de-
14 creases to 0.02 mm. A similar trend is observed in the sample containing
10 wt% CRT content. Besides increasing the maximum cell size in the
sample with 5 wt% CRT, the minimum cell size is higher compared to
= 0 j 2 3 4 s 6 7 8 the dross-containing samples (0.13 mm). The mode indicates the cell

Cell size (mm)

Figure 7. Cell size distributions of the samples.

to decrease. The addition of alkali earth oxide (CaO) has the same effect
as NaO by loosening up the network [64]. While Na™ and Ca™ act as a
network modifier, Mg" can be a network former if the formation of
tetrahedrons [MgO4] is possible by valence compensation. The same
conclusion can be drawn for Al,O3 where [AlO4] coordination is
possible by valence compensation if enough alkali ions exist. In the
absence of alkali ions, AI> ions move into the coordination of 6 and thus
act as a network modifier so the viscosity falls [64].

Depending on the strength of the network modifiers, their ability to
span across non-bridging oxygens increases with higher field strength,
consequently limiting the reduction in viscosity. Lower temperatures are
especially suitable for this effect, whereas higher temperatures are more
favorable for the network modifiers with elevated field strengths to
coordinate effectively. This facilitates additional relaxation of the
remaining network, leading to a subsequent reduction in viscosity. Thus,
the impact of network modifiers is temperature-dependent [64].

3.3.1. Macroscopic analysis

A comprehensive examination of the macro- and microstructure is
essential to ascertain the impact of various oxides on foam glass. In
Fig. 5, images of foam glass are depicted. Additionally, Fig. 6 displays 2D
and 3D CT scans of the samples, along with corresponding statistical
parameters (Table 5 and Fig. 7), facilitating an understanding of the
structural alterations based on composition.

In container glass foams, cells exhibit a small, predominantly ho-
mogeneous hexagonal shape reminiscent of a honeycomb structure. The
cell size ranges from 0.16 to 3.13 mm with an average of 0.72 mm. The
standard deviation (SD) is close to 0 (0.29) reflecting the dispersion
within the cell size and indicating the homogeneity of the structure
while a deviation close to 1 indicates a heterogeneous structure. This
cellular structure is the result of a highly viscous environment. Adding 5
wt% CRT glass results only in a marginal increase in the cell size with the
average reaching 0.79 mm. Slight elevations in CaO and N»O content
contribute to this change, hinting a modest reduction in viscosity. Upon

size which occurs most often in the data set. Except for container glass
samples, other samples have a small common cell size (0.2-0.3 mm),
which indicates that increasing dross and CRT glass content will increase
both the cell size and the number of small pores within the walls.

The aluminium oxides present in dross tend to increase the viscosity
to provide a more stable structure. However, this effect is not evident
here, possibly due to the foaming effect boosted by the high content of
AIN in dross. This allows the fusion of the gas bubbles and the growth of
big cells.

3.3.2. Microscopic analysis

A comprehensive analysis of the cellular system was conducted using
scanning electron microscopy to provide a detailed description. Key
features for foam glass characterization, including geometry, cell size,
orientation, and type of connectivity, were examined (Fig. 8).

The pores were categorized into nanopores (sub-nanopore: 0.1-1
nm, inter-nanopore: 1-10 nm, and super-nanopores: 10-100 nm), mi-
cropores (sub-micropore: 0.1-1 pm, inter-micropore: 1 and 10 pm, and
super-micropore: 10-100 pm), and millipores (sub-millipore: 0.1 and 1
mm, inter-millipore: 1-10 mm, and super-millipore: 10-100 mm)) [65].

Foam glass produced with container glass primarily exhibits sub-
millipores, taking on a tetrahedrahexagon shape rather than being
round. The cell walls are thin, with oval super-micropores, surrounded
by thinner walls containing submicropores. Introduction of 5 wt% CRT
glass results in the appearance of oval sub-millipores, surrounded by a
high number of round super-micropores. Millipores, deeper than those
in container glass foam, suggest potential open porosity. With the
addition of 10 wt% CRT glass, slightly larger inter-millipores with
organized arrangements emerge, featuring walls containing fewer
super-nanopores compared to other samples.

Incorporating 10 wt% aluminium dross alters the foam glass struc-
ture. Samples with container glass and dross display inter-millipores,
with walls made of inter-micropores linked together. The concave part
of the pore exhibits a needle structure, indicating a possible crystallized
phase. Micrographs of samples with 5 wt% CRT glass and dross show
large and irregular inter-millipores, while the walls are an agglomera-
tion of inter-to super-micropores. Samples with the same amount of
dross but a higher CRT glass content exhibit a cell structure similar to



M. Sassi et al.

Mag= 25X SOIA=CZ0GD Dadsmanzz
Bl wo-rmsnn  oecomk T 05

20um Mags 25X  SgwiA=CZBSD Dote 282022 Mag= 500X
Qlﬂ bisiticiiid

G5CRT

. T = ryer=s
El TR

2o0um mge Zx | SACZESD mezvmz | [
iy B LI e e

G10D64

Mag= 500X
W= 80mm

p Mag= 25X  SowiA+GZBSD Due 28 imn2022
I8 wo-rsomm  enT-zooow  Timedossse

H

G10CRT10D64

Figure 8. Micrographs of the foam glasses.

=
00K/ Time 100820

“Sinel A+ CZ BSD. Dato 28 Jom 2022
EHTA 000Ky Timo 103248

Soral A=CZBSD. Date 20 Jon 2022
ET=2000W  Time 104455

Signal A=CZBSD Date 26 Jan 2022
ime 05745

Ceramics International xxx (xxxX) xxx



M. Sassi et al.

mG-CRT uG-CRT-D64

Volume expansion,-

0 5
CRT glass content, wt%

Figure 9. Volume expansion of the samples.
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Figure 10. The density of the samples in the function of CRT content.

samples with 5 wt% dross, with slightly thicker walls, despite the
presence of similar inter-to super-micropores.

While AIN in dross tends to enhance foaming, causing cell fusion at a
certain point, other compounds act as counter-effects by increasing
viscosity, such as aluminium oxides, thereby decelerating the foaming
process.

3.4. Volume expansion and density results

The calculation of volume change post-sintering involves comparing
the expanded volume of the foamed sample to the initial volume of the
pressed sample. Fig. 9 illustrates the outcomes of the sintering process,
demonstrating significant expansion across all samples. Volume
expansion offers a more precise metric than foaming height, by
combining both height and diameter expansion of the sample. The
highest volume expansion is observed in dross-containing samples (7.8),
attributed to the presence of AIN (10.65 wt%), which enhances the
foaming process. However, prioritizing a stable foam structure over
maximal volume expansion is crucial. Insufficient heating or high vis-
cosity can hinder gas bubble generation, while excessively low viscosity
or intense foaming can lead to pore collapse and bubble fusion. Hence,
maintaining a moderate amount of AIN in the dross and optimizing
viscosity for bubble growth is essential for stable foam structure
formation.

The density of foam glass is the result of the foam structure, including
cell size and shape. Commercial foam glasses typically range between
0.13 and 0.3 g/cm® in density. In this study, foam glass densities vary
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Figure 12. Thermal conductivity of the various samples.

from 0.15 to 0.18 g/cm® (Fig. 10). Dross-free samples exhibit slightly
higher densities compared to those with dross, attributable to increased
cell size upon dross addition.

3.5. Water absorption and closed porosity

Foam glass exhibits versatile characteristics depending on its inten-
ded application. It can serve as a water-resistant material while still
being able to absorb mist and humidity, or as a highly absorbent ma-
terial utilized for drainage purposes. Closed pores, exemplified by dross-
free samples, showcase minimal absorption, with pure container glass
demonstrating the lowest absorption rate at 15 % (Fig. 11). Introducing
5 or 10 wt% CRT glass slightly elevates water absorption to 30 wt%. If
we compare the latest cell microstructure, there is a relevant resem-
blance. This is probably due to the limited amount of gaseous substances
generated during foaming. Open porosity typically results in high water
absorption, exceeding 300 %. This trend is observed in samples con-
taining 5 wt% CRT and dross while samples with 10 wt% CRT and dross
show a low absorption rate (24 %). The high absorption in sample
G5CRT10D64 is may due to the microstructure of the pores where the
cells seem irregular with interconnected pores and ink-bottle pores
which allowed water to accumulate inside the sample. It is explained by
the gas bubble not being able to sustain its form during foaming causing
the walls to collapse and merge. Incorporating 10 wt% CRT glass into
the dross aids in stabilizing the pore structure and restraining the
foaming process.
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Figure 13. Effect of the solid volume of the samples on the thermal
conductivity.

3.6. Thermal resistance

The thermal conductivity of commercial foam glass typically falls
within the range of 0.035-0.08 W/meK [2-4]. In this investigation, the
thermal conductivity of the samples ranges from 0.038 W/meK to 0.05
W/meK (Fig. 12), rendering them effective thermal insulators.

Samples with open pores and higher water absorption exhibit lower
thermal conductivity compared to those with closed cells. Factors such
as cell size, wall thickness, and uniformity directly influence thermal
conductivity. The homogeneity of the foam glass structure, indicated by
the standard deviation, plays a crucial role in thermal resistance. A
heterogeneous cell size distribution typically results in better thermal
resistance. Notably, GIOCRTD64 foam glass, characterized by a het-
erogeneous cell structure (SD = 0.7), displays the lowest thermal con-
ductivity. In this context, Heat transfer through foam occurs via four
mechanisms: conduction through the solid phase, conduction through
the gas phase, convection, and radiative exchange. If the temperature
differences between the fluid and the solid cell edges are small at the
scale of a cell, natural convection within the cells is considered negli-
gible [66]. In this case, heat flow predominantly occurs through solids,
particularly through the walls. Thin walls containing a high number of
pores attenuate heat flow effectively. It can be seen in Fig. 13, which
presents the carcass or solid volume of the foam glass determined by
computed tomography. If we exclude the foam glass made by only
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container glass (G), we can see that as the solid volume decreases the
thermal conductivity decreases. This behavior can be observed in sam-
ples with dross content.

3.7. Comparison between the resultant foam glass properties and that of
the previous literature

As previously noted, foam glass can be manufactured using a variety
of waste materials. However, research indicates that despite utilizing
similar starting materials, the resultant foam products often exhibit
divergent properties owing to disparities in foaming conditions and
additives employed. Table 6 provides a comprehensive comparison of
foam glass products derived from identical or closely related starting
materials.

4. Conclusions

Foam glass was successfully synthesized using 100 % waste mate-
rials, including container glass, cathode ray tube (CRT) glass (5 and 10
wt%), secondary aluminium dross (10 wt%), and silicon carbide (2 wt
%). The resultant foam glass exhibited properties comparable to com-
mercial counterparts. Key findings include:

e The produced foam glass demonstrated a lightweight property,
boasting a density ranging from 0.15 to 0.18 g/cm®. The addition of
aluminium dross notably enhanced the foaming potential of the glass
powder, attributed to the self-foaming mechanism of the dross
wherein aluminium nitride decomposes, liberating gaseous
byproducts.

e Alkali content exerted a similar influence on foam glass viscosity as
observed in soda lime glass, with NaO and CaO functioning as
network modifiers, leading to a reduction in viscosity by generating
non-bridging oxygen. Despite the aluminium oxides in the dross
potentially increasing viscosity to confer structural stability, this
effect was mitigated, possibly due to the heightened foaming pro-
pensity facilitated by the AIN content in the dross. Consequently, gas
bubble fusion and the formation of larger cells were created.

e The resulting foam glass showcased low thermal conductivity
(ranging from 0.038 W/m-K to 0.05 W/m-K), attributable to the
heterogeneous distribution of cells, which effectively attenuated heat
convection. This characteristic renders them highly effective as
thermal insulators. Additionally, foam glasses with both high

Table 6
Comparison of this research results to previous literature in glass ceramics with close compositions.
Researcher Materials Volume Water Apparent Total Open Thermal
expansion (—) absorption (%) density (g/cm®)  Porosity (%) Porosity (%) conductivity (Wm™?
Kh
This research Container glass 6.58 15.43 0.17 92.33 46.11 0.04
Konig et al. container glass + carbon black + iron oxide - - 0.12-0.14 94.5-95.5 91.2-98.6 0.057-0.065
[36]
Da Costa et al. 87.5 wt% container glass + 2.5 wt% - 12.1-24.1 1.55-1.57 18.8-37.7 - -
[67] bentonite
This research Container glass + CRT glass 7 13.30-35.13 0.17-0.18 92-93 49-61.2 0.04-0.05
Konig et al. CRT glass + carbon black + Manganese - - 0.1-0.24 91.3-96.2 0-8 0.037-0.049
[36] oxide
Hribar et al. CRT glass +Mn304 + carbon - - 0.13-0.18 94-95 8-29 0.041-0.054
[68]

This research Container glass + aluminium dross 6-8 270 0.16 93 88 0.04
Container glass + CRT glass + aluminium 6-8 24-322 0.16-0.17 91-93 63-66 0.038-0.04
dross

Zhang et al. Municipal waste incineration bottom ash + - 4.03-16.55 1.51-1.68 57.9-62.2 - -

[69] fly ash + pickling sludge + secondary
aluminum ash
El Amir et al. Container glass + aluminium dross (7 wt%) - - 0.15-0.6 80-92 vol% - 0.11-0.21
[57]
Da Silva etal.  Container glass + alumina - 10-60 0.4-1.5 57-85 - -

[70]
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absorption (open porosity) and low absorption (closed porosity)
were produced. Foam glass with closed porosity holds promise as
insulation material for housing and building applications, while
samples with open porosity find utility in filtration systems.
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