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Abstract: Aluminium dross is a hazardous industrial waste generated during aluminium production.
It contains metallic oxides of aluminium and magnesium, other phases (aluminum nitride), and
residues of fluxes and salts from the melting process of aluminium. Discarding this by-product is
considered an environmental and economic challenge due to the high reactivity of dross with water
or even air humidity. After removing the hazardous components from the as-received dross, one
of the optional approaches is to incorporate the treated dross into construction materials. Dross is
applied in several types of research as a secondary raw material source for alumina, clinker, cement
or glass-ceramic production, but only a few papers focus on the usage of dross as a foaming agent
for foams. Even fewer research are reported where dross was applied as a basic component of foam
glasses. In this work, foam glasses were produced completely from waste materials: Aluminium
dross, container (SLS) glass, and cathode ray tube (CRT) glass. The research holds several specificities,
i.e., combining two industrial waste materials (CRT glass and dross), and adding an increased amount
from the wastes. The physical and mechanical characteristics were examined with a special focus on
the effect of the foam glass components on the microstructure, density, thermal conductivity, and
compressive strength.

Keywords: foam material; cellular materials; cathode ray tube glass; SLS glass; aluminium nitride;
waste recycling

1. Introduction

Aluminium dross is a by-product of secondary aluminium melting when aluminium
metal is produced from aluminium waste. Since as-received dross contains hazardous com-
ponents, it must be treated (leached with acid or alkali followed by water washing) prior to
use [1,2]. Treated aluminium dross basically contains alumina (Al,Os), spinel (MgO-Al,O3),
salt residues (NaCl, KCl, CaF,), nitride (AIN), and small amounts of fluorides, chlorides,
and other components (e.g., MgF;, NaAlCly, KAICly, MgO, KMgF3, SiOy, Fe; O3, ALLCs,
NayO, K;NaAlFg) [3-7]. The main problem with deposing the residual aluminium dross
is the high reactivity with water and air humidity leading to the formation of hazardous
and explosive gases, such as NH3, CHy, PH3, Hp, and HjS [6]. Research provides several
possibilities to use aluminium dross in different fields depending on the treatment method
and the salt content. It served as an alumina source for the clinker burning process in
the production of calcium aluminate cement with high refractory characteristics [8]. In an
alkaline solution, the dross can generate hydrogen [9]. Oxide and nitride components were
valorized in ceramics, glasses, and glass ceramics [7,8,10-12]. Expanded clays and foam
glasses were also produced with different glass wastes and aluminium dross, where the
latter acted as a foaming agent [13,14]. To date, only a few researchers have studied the
foaming effect by introducing aluminium dross as a foaming agent [2].

Foam glass is a lightweight material with high load-bearing, good chemical stability,
high thermal and acoustic insulating, and noninflammable properties [15]. Foam glass
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typically consists of two phases, namely glass and foaming agent. When this mixture is
heated above the softening point of the glass, the foaming agent releases gaseous products,
which drive the expansion of the glass [16-19]. Foam glass products are used in severe
working conditions such as acid or alkali corrosion environments. As it has low density, it
is a favored lightweight material for in-wall insulation, filler for the restoration of failed
slopes or aggregate in concrete [20-22]. The most frequent glass type is the soda-lime-silica
(SLS, Nap,O-CaO-5i0,) glass. Millions of tons of SLS glass are produced (and become waste)
worldwide in the form of container and float glass products [23]. Commercial foam glasses
have 45-85 vol% porosity, 0.1-1.2 g/cm? apparent density, 0.4-6 MPa compressive strength,
and 0.1-0.2 W/mK thermal conductivity [24-29]. Compressive strength is particularly
important in the case of foam glass used in complex embankment applications as filling
material to reduce vertical and lateral soil pressures, and to increase slope stability.

From an economical and environmental point of view, researchers use several waste
materials, such as fly ash [30], cathode ray tube (CRT) glass, red mud, mineral wool
waste [31,32], flat panel, and tailing waste [33] to produce building material [2,16,21,24,34—40].
The amount of CRT glass arising from computer monitors and TV sets increases dramati-
cally due to their replacement by the liquid crystal display (LCD) [41,42]. The CRT part
of monitors contains many hazardous elements (lead, strontium, antimony, barium, eu-
ropium, selenium) [42—49]. The presence of lead in CRT glass makes recycling difficult and
requires special safety handling. However, there are only a few CRT recycling facilities
in Europe and the world [42,50]. In addition to the foam glass, CRT glass can be applied
to produce a variety of building materials, such as glass-ceramic brick, geopolymer, and
concrete [24,41,42,46,48,51-57].

As presented above, dross has already been applied in several cases to produce
alumina, clinker, cement or glass-ceramic materials, but only a few research used dross as a
foaming agent [58] or as a basic component [10] of foamed materials. In the latter case, dross
is admixed only in small amounts (2.5-5-7.5 wt%) to a soda-lime glass waste [10]. This study
has two special features. First, dross at increased amounts (10-20-30 wt%) is added to glass
waste. Furthermore, dross and CRT glass are utilized conjointly to reveal their combined
effect on the properties of the so-produced foam glass. The physical and mechanical
characteristics were evaluated to establish the effect of the foam glass components on the
microstructure, density, thermal conductivity, and compressive strength.

2. Experimental Procedures and Methods
2.1. Materials and Experimental Procedures

The raw materials used to produce foam glass in this work were container glass, CRT
glass (provided by Daniella Ipari Park Ltd., Debrecen, Hungary), and secondary aluminium
slag (produced by Arconic-Kéfém Mill Products Hungary Ltd., Szekesfehervar, Hungary).
The metal and salt content of the as-received dross was removed by Kekesi et al. [5] with
the following method. After melting the aluminum slag to recover the molten metals,
the remaining dross was crushed, milled, and washed three times with distilled water to
dissolve and eliminate the salt content. Bottle and CRT glasses were milled and sieved
under 70 and 32 um particle size, respectively. In the mixtures, SLS glass was the basic
component. In addition, 5 to 10 wt% CRT glass and 10, 20, or 30 wt% dross were added to
the SLS glass (Table 1). Moreover, 2 wt% silicon carbide was admixed as a foaming agent
and 3 g from each mixture was poured in a stainless-steel mold then pressed under 11 MPa
for 10 s into a cylindrical shape (diameter = 20 mm, height = 16 mm). Five samples from
each mixture were prepared. The samples were sintered in an electric chamber furnace at
different temperatures (determined through the heating microscope) with a heating rate of
5 °C/min and a holding time of 10 min.
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Table 1. Composition and foaming characteristics of the mixtures.
Composition, wt% Foaming
Code Dross SiC CRT Glass SLS Glass Temperature (°C)
BG 2 98 964
BG5CRT 2 5 93 954
BG10CRT 2 10 88 954
BG10D 10 2 88 907
BG20D 20 2 78 869
BG30D 30 2 68 880
BG5CRT10D 10 2 5 83 899
BG5CRT20D 20 2 5 73 897
BG5CRT30D 30 2 5 63 897
BG10CRT10D 10 2 10 78 922
BG10CRT20D 20 2 10 68 904
BG10CRT30D 30 2 10 58 889

2.2. Characterization Methods

The chemical composition of the raw materials was determined as follows:

The composition of SLS and CRT glasses was determined by an X-ray fluorescence
spectrometry (XRF) instrument (Rigaku SuperMini 200). The hazardous elements in CRT
glass were identified by inductively coupled plasma mass spectrometry (ICP-MS) (Varian
720 ES spectrometer). The mineral composition of the dross was analyzed by X-ray powder
diffractometry (XRD) (Rigaku Miniflex II) and quantified by Rietveld-fitting.

After the process of admixing, the experimental powder mixtures were analyzed by a
heating microscope (MicrOvis, Camar Elettronica) to determine the exact foaming tempera-
ture for sintering. Test samples were prepared using the pressing mold kit of the microscope.
The pressed samples (with approximately 5 mm height and 2 mm diameter) are placed on
an 8 x 10 mm sized alumina sheet and moved into a furnace where the sample’s silhouette
change in function of temperature is registered to identify the beginning of sintering, soft-
ening, sphere, half-sphere, and melting temperatures. The temperature, where the sample
reached the maximum height, was identified as the foaming and sintering temperature.

After sintering in an electric chamber furnace, the samples were cut into cubic shapes
where bulk density, microstructure, thermal conductivity, and compressive strength were
investigated. The bulk densities of the samples were calculated as the mass per vol-
ume (g/ cm?). The microstructure of the foams was characterized with an optic micro-
scope (C. Zeiss Discovery V.12) by measuring the cell sizes and wall thicknesses. The
cell size indicates the length (diameter) of a cell between the opposite walls. The wall
thickness indicates the width of the cell wall measured perpendicularly to the edges of
the wall. The statistic was made in a total of 15 measurements for each sample, where
the cell size and wall thickness results were divided into six interval grades: d > 3 mm,
2mm <d<3mm,1mm<d<2mm,05mm<d<1mm, 01 mm<d<05mm,
and 0.01 mm < d < 0.1 mm [59]. Thermal conductivity was measured by a C-Therm TCi
using the Modified Transient Plane Source Method (which conforms to ASTM D7984) [60].
Compressive strength was measured using an Instron universal testing instrument on
cubic shaped samples with an average cross section of 12.5 x 12 and 14 mm height. The
samples were evenly loaded with a force perpendicular to their surfaces. In all of the
abovementioned methods, five samples were tested.
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3. Results and Discussion
3.1. Characterization of the Raw Materials

The chemical composition of the SLS and CRT glasses is shown in Table 2. The con-
tainer glass is a typical soda-lime-silica glass, which mainly consists of silica, sodium oxide,
and calcium oxide with minor components, such as magnesia and alumina. CRT glass has
almost the same main constituents (silica, alkali oxides, alumina) with the presence of some
hazardous elements (Table 3). X-ray diffractograms of the raw materials are presented in
Figure 1. Aluminium dross contains a high amount of spinel with the existence of corun-
dum, aluminium nitride, salts, and aluminium hydroxides (Table 4). The composition of the
mixtures is listed previously, in Table 1. Foam glass without any industrial waste additives
is denoted as BG. CRT and D codes refer to the presence of CRT and dross, respectively.
The numbers before these abbreviations show the amount (in wt%) of the components.

Table 2. Chemical compositions of SLS and CRT glass powder (ICP-MS analysis).

SiOZ NaZO Kzo CaO MgO A1203 Fe203 Others

SLS glass 71.5 12.5 0.72 8.75 2.44 1.75 1.15 1.19
CRT glass 55.9 5.96 5.49 0.52 0.21 1.7 0.21 30.01

Table 3. Hazardous elements in CRT glass (XRF analysis).

Element Cu Zn Pb Rb As Cr Co Ni Sr Ba Zr
ppm 45 1891 1071 <10 53 93 <10 143 3.6 7.2 5.7

Table 4. Mineral composition of the dross (XRD analysis).

Formula Phase Wt%
MgAl,O4 Spinel 68.14
Al,O3 Corundum 17.59
AIN Waurtzit 8.57
Al(OH); Bayerite 1.9
CaF, Fluorite 1.72
NaCl Halite 1.51
KCl Sylvine 0.33
1Y
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Inorganics 2022, 10, 1

5o0f 14

B Halite, NaCl I
@ Sylvine, KC1 5
Fluorite, CaF, _
A Corundum, Al,O;
¥ Wurtzite, AIN
Spinel, MgAl,0O,
Bayerite, AI(OH), [

300
<

LIn (Counts)
200 ,

190

o: i : . Jrl {‘M. .'['E’ -t 'J-‘k Hr

10 20 30 40 50 60 70 R0 90 100
2-Theta-Scale

H‘-\ I 1|"h"|‘( 4 '-‘m-h'rl "‘ aad

Figure 1. X-ray diffractograms of the raw materials. (a) SLS and CRT glass; (b) aluminum dross.

3.2. Sintering Behavior

To obtain the exact foaming temperature, the mixtures were analyzed by a heating
microscope. The foaming temperature was determined as the temperature belonging to
the maximum (foaming) height. Figures 2—4 show the sintering curves of the mixtures.
Mixtures containing aluminium dross have a lower foaming temperature and higher
foaming height, while dross-free mixtures show a higher foaming temperature and lower
foaming height. The dross decreased the foaming temperature and enhanced the foaming
process. According to Zhang et al. [2], the latter is due to the self-foaming mechanism of the
dross. This foaming is based on releasing gaseous products (NHjz, N3, and NO) between
800-920 °C according to the following equations:

2AIN + 3H20 = A1203 + 2NH3 (1)
4AIN + 302 = 2A1203 +2N, (2)
4AIN + 50, = 2A1203 +4NO (3)
4NH; + 50, = 4NO + 6H,0 )

Ewais et al. [21] found that AIN decomposed between 850-950 °C as follows:
2AIN(s) — 2Al(s) + N» (g) (5)

Decreasing the foaming temperature may be due to the presence of salts (fluorite,
halite, and sylvine) used in the glass industry to reduce the melting temperature of the
silica glass. Sintering curves of mixtures with the SLS and CRT glasses are similar. Due to
the similarity of viscosity of lead glass and commercial soda-lime-silica glass [61], adding
the CRT glass by itself does not remarkably affect the foaming height, but slightly reduced
the foaming temperature of the SLS glass (Figures 3 and 4) due to the lower melting point
of lead glass.
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Figure 2. Sintering curves of glass foams with SLS glass (BG) and 10, 20, and 30 wt% dross (BG10D,
BG20D, BG30D).

Mixtures with SLS glass and different amounts of dross exhibited quite similar curves
(Figure 2). The addition of 20-30 wt% dross decreased the foaming temperature by 95 and
84 °C, respectively, and increased the maximum foaming height by 20 to 30%. The mixture
with 10 wt% dross reached the highest foaming height (139%) and exhibited the highest
foaming temperature, as well. Mixtures with 20 or 30 wt% dross content exhibited a very
similar foaming behavior.

Sintering curves of mixtures with SLS glass, 5 wt% CRT glass, and different amounts
of dross are represented in Figure 3. The addition of 10 wt% dross did not significantly
modify the foaming temperature, but increased the maximum foaming height to 121%.
Adding 20 wt% dross attained a 20% increase in the maximum foaming height. In addition,
30 wt% dross resulted in the same foaming height as 10 wt%. In this series, a mixture
with 20 wt% dross contents represented the best combination of maximum foaming height
and temperature. Contrary to the previous series, adding the highest amount of CRT
glass (10 wt%) increased the foaming height to 136%. By increasing the dross content, the
maximum foaming height may reach 148% with 20 wt% dross.
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......... BGSCRTsOD
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Figure 3. Sintering curves of glass foams with SLS glass (BG), 5 wt% CRT and 10, 20, and 30 wt%
dross (BG5CRT10D, BG5CRT20D, BG5CRT30D).
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Figure 4. Sintering curves of glass foams with SLS glass (BG), 10 wt% CRT and 10, 20, and 30 wt%
dross (BG10CRT10D, BG10CRT20D, BG10CRT30D).

Oxides forming the glass are categorized into three groups: Network forming, mod-
ifier, and intermediate. Network forming oxides (e.g., SiO;) build the basic units (silica
tetrahedron) of the glass structure. The modifiers change this structure—Dby sitting in the
voids of the network, they can change the angle and the position of the bonds or even
break them. Intermediate oxides functionate as network forming and modifiers, as well.
Dross contains both modifier (MgO) and intermediate (Al,O3) oxides. When dross is added
to the silica (SLS) glass, the =Si-O-5i= bonds are replaced by =5i-O-Mg-O-5i= bonds or
aluminate tetrahedra are formed rather than the silicate tetrahedra. Additionally, Al;O3
increases the melting point of the glass. On the contrary, PbO, BaO, and SrO (components
of CRT glass) decrease the melting point of the mixture. PbO also works as an intermediate
oxide, which means it can be integrated into the glass network. By increasing the CRT
glass content, additional silicate tetrahedra are replaced by Pb-based units. However, as
Pb atoms and ions have larger atomic or ionic radii with a smaller charge, the formed
Pb-O bonds are weaker than the Si-O bonds. Ben Kacem et al. [62] studied the structure
and properties of lead silicate glasses and melts using Roman spectra. The glass transition
temperature and viscosity measurements exhibit a strong decrease with the increasing
PbO content. This aspect is correlated with the network depolymerization of the silicate
network with the creation of non-bridging oxygens replacing bridging oxygens observed
by Raman spectroscopy. Moreover, the difference of adding Na,O and PbO on the glass
transition temperature (Tg) becomes smaller when the content of the network modifier is
getting higher and the effect on the glass transition temperature becomes closer. This might
be the reason to lower the foaming temperature in the samples containing CRT glass and
dross and to create a favorable viscosity allowing gas bubbles generation, consequently,
increasing the foaming height in comparison with the base silicate foam glass. Based on
the literature review, the decomposition of AIN takes place at 800-950 °C [2,23]. This range
is mostly covered by samples with CRT glass and dross at the same time. A combination of
lower softening (melting) temperatures and enhanced decomposition of AIN in the dross
leads to lowering the foaming temperature and boosting the foaming process.

3.3. Microstructure

The microstructural analysis of the foam glasses was conducted on the cubic shaped
samples. It shows a diversified picture (Figure 5). Dross-free samples had thin cell walls
with medium average cell size (1.11-1.4 mm). The shape of the pores ranges from round
through oval to irregular polygons. Both open and closed pores were formed in the
structure. By adding 10 wt% of dross, the ratio of larger pores increased while the shape of
the pores was still diversified. Round-shaped pores indicate they were formed in a viscous
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D20

D30

environment [24], while oval or irregular-shaped pores refer to a boasted foaming process
resulting in their growth and coalescence [2]. The densest microstructures with irregularly
shaped pores were observed in foams with 30 wt% dross. According to Veit and Riissel [63],
substituting SiO, by Al,Os in the glass network does not cause significant changes in the
viscosity, but replacing CaO with MgO increases the viscosity. On the contrary, Zhang
et al. found [2] that the increase in Al,O3 content leads to a slight increase in the softening
temperature and decelerates the liquid phase formation.

BG BG5CRT BG10CRT

Figure 5. Microstructure of the foam glasses (scale bar = 5 mm).

As larger pores weaken the structure and may cause defects during the lifetime of
products [2], the maximum cell sizes were determined in addition to the average cell size
and wall thickness (Figures 6 and 7). Both the average and maximum cell size reached the
highest value at 10 wt% dross contents independently from the CRT content. By increasing
the dross content to 30 wt%, the cell sizes became even smaller than in the dross-free foams.
A similar behavior was observed by Zhang et al. [2]. The average cell size, maximum
cell size, and average wall thickness of the foamed samples ranged between 0.5-2.3 mm,
0.9-2.9 mm, and 0.3-1.2 mm, respectively.
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Figure 6. Average and maximum cell sizes of the foam glasses.
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Figure 7. Average wall thickness of the foam glasses.

3.4. Properties

Figure 8 shows the density of the sintered foams in the function of dross content.
The density of the sintered foams ranges between 0.23-0.92 g/cm?, which fulfills the
requirements of commercial foam glasses. Increasing the dross content increased the
density in general. It is following the microstructural observations, where the densest
structure belonged to the 30 wt% dross contents. It has presumably two reasons. Adding
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PbO, BaO, SrO (originating from the CRT glass), and MgO, Al,Os3 (originating from the
dross) to the pristine SLS glass increased the density of the glass phase. In addition, the
presence of MgO and Al;Oj3 in the glass structure increased the viscosity and lessened the
liquid phase during sintering. As the ratio of the liquid phase decreases and the viscosity
increases, the formation of bubbles becomes more hindered.

1.0
O BG i
[0 BGS5CRT W‘
: —
B A BGIOCRT ..
2 0.6
: L e
P R g
§ 04 [1 .........................................
Q ..-.........~ ........
é% .... .. .............
0.2 s
0.0
0 10 — |

Dross content, wt%

Figure 8. Bulk density of the samples of foam glasses.

Thermal conductivity curves are plotted in Figure 9. The thermal conductivity coef-
ficient ranged from 0.037 to 0.068 W/mK representing a good insulation efficiency. The
density, cell size, and wall thickness have a direct influence on the thermal conductivity.
In general, thermal conductivity follows the same trend as the density, while the cell size
curves are opposite to the thermal conductivity. Heat flow is propagated through the
cell walls. The thickness of the wall affects the heat conduction, the thicker the wall the
higher the conduction. Thermal insulation can be enhanced in the case of homogenous
microstructure and better arrangement of the cells [59]. Thermal conductivity depends on
the size of the cells, the bigger the cells the better the thermal insulation. Another important
factor that affects the thermal conductivity is the uniformity (homogeneity) of the cells. The
heterogeneous cell size in a sample gives better thermal insulation.

0.070

0.065 O_BG

0.060

-~

0.055

0.050

0.045

souo E e

Thermal conductivity, W/mK

o
S
v
9

0.030

0 10 20 30
Dross content, wt%

Figure 9. Thermal conductivity of foam glasses.

The compressive strength (Figure 10) of the sintered foams ranges between 0.7-5.7 MPa.
Adding dross to the SLS glass decreased the strength from 2.5 to 0.9 MPa. The CRT glass
content increased the compressive strength. Foams with CRT glass and 30 wt% dross
exhibited a denser microstructure and thicker walls, which provide better load-bearing
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properties and give better strength. In samples with a small dross content, large pores were
formed during sintering resulting in lower density and lower strength.
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Figure 10. Compressive strength of foam glasses.

4. Conclusions

Foam glasses were successfully made from the SLS glass material, cathode ray tube
(CRT) glass (5 and 10 wt%), treated secondary aluminium dross (10, 20, and 30 wt%), and
silicon carbide (2 wt%). The effect of the foam glass composition on the microstructure,
density, thermal conductivity, and compressive strength was characterized. Aluminium
dross acted as a foaming agent and a component enhancing the compressive strength of
the foam glasses at the same time.

Adding aluminium dross decreased the foaming temperature and increased the foam-
ing height. The former may be due to the presence of salts (fluorite, halite, and sylvine),
which are used in the glass industry to reduce the melting temperature of the silica glass.
The foaming process is enhanced due to the changes in intramolecular bonds and viscosity.
When dross is added to the silica (SLS) glass, the =Si-O-5i= bonds are replaced by =5i-
O-Mg-O-5i= bonds or aluminate tetrahedra are formed rather than the silicate tetrahedra.
Additionally, the components of the dross (MgO, Al,O3) play the role of a modifier and
intermediate oxide, respectively. Furthermore, Al,O3 increases the melting point of the
glass. On the contrary, PbO, BaO, and SrO (components of the CRT glass) decrease the
melting point of the mixture.

The microstructure of the foam glasses was affected by the initial composition and the
added amount of aluminium dross. The shape of the pores ranges from round through oval
to irregular polygons. Both open and closed pores are formed in the structure. The densest
microstructures with irregularly shaped pores are observed in foams with 30 wt% dross.

The microstructure of the foam glass influenced the thermal conductivity and com-
pressive strength of the samples. Thermal conductivity depends on the size of the cells, the
bigger the cells, the better the thermal insulation. The heterogeneous cell size distribution
gives better thermal insulation. Samples with smaller pores and higher dross content have
the highest compressive strength.
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