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For thermal insulation to be sustainable, its performance and production efﬁciency must be considered.
Foamed glass prepared from the mixture of waste cathode ray tube panel glass (CRT), Mn3O4 and carbon
could become such a material assuming that its production efﬁciency could be improved. In light of this,
the aim of the study was to engineer the transfer of the foaming process from inert to air atmosphere
without drastically disturbing the primary mechanism of expansion. Foaming of carbon-containing
mixtures in air atmosphere is normally a challenge due to premature oxidation of carbon by the oxygen from the air. Here, we systematically investigate how the addition of water glass (WG) affects the
process by thermogravimetry coupled with mass spectrometry (TG/MS) and heating-stage microscopy
analysis. Further, we propose an explanation about how WG protects the carbon and show that the
addition of WG allows for the process to be successfully performed in air atmosphere. Two direct sources
of expansion were identiﬁed (carbon-Mn3O4 reaction and WG) and quantitatively evaluated, allowing
determination of an optimal addition of WG, 12 wt %, for the foaming temperature of 800  C. The obtained foamed glass samples have a relatively low density and degree of open porosity, which reﬂects in
their low thermal conductivity (l). The lowest l obtained was 39 mW m1 K1 at a density of 145 kg m3,
which is comparable to the samples prepared in inert atmosphere and best commercial products.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Sustainability and energy efﬁciency are becoming increasingly
important areas of research. Almost 50% of the consumed energy in
the European Union is used for heating and cooling, 80% of which is
spent on buildings (Directive (EU), 2018). The energy efﬁciency of
the buildings should therefore be carefully regulated. One of the
factors that greatly affects the buildings’ energy efﬁciency is the
thermal insulation material. Accordingly, improving the properties
or production processes of construction thermal insulation materials would have a positive effect on the energy efﬁciency and
sustainability.
A construction thermal insulation material that exhibits potential for improvement in several aspects is foamed glass. Foamed
glass is a highly-porous, dimensionally stable, non-ﬂammable,
bacteria- and water-resistant material with good thermal insulation properties (Schefﬂer and Colombo, 2005). Besides thermal
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insulation, foamed glass can also serve as a long-lasting supporting
element of the construction needed in future sustainable solutions
(Schefﬂer and Colombo, 2005). The thermal conductivity of the
best-quality foamed glass is below 40 mW m1 K1, which is in the
same range as more common thermal insulation materials such as
glass- or rock wool (Schiavoni et al., 2016). Even though foamed
glass possesses useful properties besides the low thermal conductivity, its usage is less common which is in most part related to
higher production costs. These are related to the need for adjusting
the glass’ chemical composition by re-melting and addition of
minerals and the use of controlled oxygen-free atmosphere (Owens
Corning Foamglas@., 2020). On the other hand, cheaper and more
sustainable foamed glass can be produced directly from waste glass
in air atmosphere, however, the heat-insulating capacity of such
products is lower (Glapor Schaumglasprodukte, 2020). Preparation
of high-quality foamed glass using a process with a lower energy
demand would therefore decrease the production costs, improve
the product’s market competitiveness (Pavel and Blagoeva, 2018),
and provide environmental beneﬁts in terms of decreased energy
consumption, CO2 emissions, and embodied energy. The latter
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€ nig et al., 2017), according to Reaction 1:
carbon and Mn3O4 (Ko

represents an increasing part in the building’s life-cycle energy
demand via the reduction of the operational energy (Ness and Xing,
2017).
Thermal and mechanical properties of foamed glass very much
depend on its density (Østergaard et al., 2019a), (Mugoni et al.,
2015). Additionally, good mechanical stability and low thermal
conductivity depend on the pore structure, which is strongly
inﬂuenced by the process parameters (processing temperature and
time, glass type, foaming additives) and the preparation method
 n et al., 2017;
(foaming, casting, …) (Huo et al., 2017; Rinco
Østergaard et al., 2018). It has been shown that an open pore
structure as well as very large pores weaken the mechanical
ar et al., 2007) and lead to higher
properties (Chen et al., 2017), (Me
thermal conductivity due to the contribution from convective heat
€ nig et al., 2019). A high-quality foamed glass should
transfer (Ko
therefore have small and closed pores.
The most researched method for fabrication of foamed glass is
direct foaming of glass powder with added foaming agents. The
principle of this method is to heat the foaming mixture until the
glass softens, sinters, and additives start decomposing/reacting to
produce gas within the pyro-plastic mass. It is of great importance
that gases produced during the reaction stay inside the pores,
which is not possible if the material still has an open-pore structure
that allows the gas to escape into the outer atmosphere. Heating
leads to a decrease in viscosity and accumulation of gas which increases the internal pressure. The increased internal pressure is the
driving force for the expansion of the viscoelastic material. The
temperatureeviscosity dependence of the material and temperature onset of the gas-forming reaction therefore determine
whether the gas will stay in the pores and how the expansion will
proceed (Petersen et al., 2017).
In the last decade, studies have shown that several waste-glass
types (Kyaw Oo D’Amore et al., 2017; Yao et al., 2017; da Silva et al.,
2018; Østergaard et al., 2017; Bernardo and Albertini, 2006) and
other waste materials (Mugoni et al., 2015), (Fernandes et al., 2013;
Teixeira et al., 2017; Gong et al., 2016) can be used for the production of foamed glass via the direct foaming method. The use of
waste materials is beneﬁcial for the price of the product; however,
waste materials can signiﬁcantly vary in their chemical composition. This leads to increasingly complicated foaming mechanisms
and the conclusions of the studies are usually applicable only for
that particular analysed system. It is therefore of great convenience
to use a foaming agenteoxidizing agent couple, which forms gas
€ nig et al.,
with a smaller dependence on the glass composition (Ko
2017).
An investigation on direct foaming of cathode-ray-tube (CRT)
panel glass in argon atmosphere has revealed that high total- and
closed-porosity foamed glass can be prepared by using carbon and
€ nig et al.,
Mn3O4 as a foaming and oxidizing agent, respectively (Ko
2020). The porosity characteristics achieved in the study demonstrate that foamed glass with such composition can achieve good
thermal insulation and mechanical properties. However, the use of
a controlled oxygen-free atmosphere, which is industrially typically
achieved by sub stoichiometric fuel combustion, greatly decreases
the energy-efﬁciency of the process and increases the requirements
for the furnace durability. To improve the sustainability and lower
the costs of the foamed glass production, it is sensible for the
process to be carried out under less demanding conditions, i.e. in air
atmosphere. This could be achieved by a modiﬁcation of the batch
recipe to allow for the foaming process to be performed in the air
atmosphere.
Mn3O4ecarbonepanel glass foaming mixture heat-treated in an
oxygen-free atmosphere, expands due to gases evolved in a series
of different reactions (Petersen et al., 2020). The main contribution
is related to the evolution of CO2 from the redox reaction between

1
Mn3 O4 ðfoam:mix:Þ þ C ðfoam:mix:Þ / 3MnOðglassÞ
2
1
þ CO2 ðporesÞ
2

(1)

Heat treating the same foaming mixture in air atmosphere leads
to a reaction between carbon and oxygen from the air in the tem€nig et al., 2017), where the material
perature range 400e600  C (Ko
is not sintered yet. Since the pores in that temperature range are
connected and open to the surrounding atmosphere, carbon is
burnt and escapes from the material in the form of CO2. Consequently, in the absence of carbon, there is no expansion of the
material above the sintering temperature.
To enable the expansion in air, carbon should be protected from
the air atmosphere until the sintering temperature (Tsint). One
possibility to achieve this is the addition of water glass (WG). WG is
a technical name most commonly used for a colloidal suspension of
silica in an aqueous solution of sodium silicates of different
chemical structures e (Na2O)x(SiO2)y (Iler, 1979). Water in WG can
be found in several different conﬁgurations regarding its relation to
the silicate structure (Uchino et al., 1991). The different conﬁgurations lead to various binding strengths which reﬂects on a wide
temperature interval of water-release during the heating of WG.
Mass loss due to the release of water during the heating of WG can
be detected even above 400  C (Glasser and Lee, 1971),
(Bartholomew et al., 1982). When heated, WG starts to foam by
itself (Felsche et al., 1985); however, the stability of such foamed
glass is poor. Furthermore, WG can be used as a sole foaming agent
for the production of foamed glass (Ducman and Kova
cevi
c, 1997),
(Hesky et al., 2015) or in combination with carbonaceous additives,
resulting
in
a
low
density
foamed
glass
(Glapor
Schaumglasprodukte, 2020), (Lakov et al., 2013). However, these
processes cannot deliver foamed glass with low thermal conductivity. Addition of WG, which contains water and a higher amount
of Na2O than CRT-panel glass, can lead to a decrease of the characteristic temperatures of the panel glass (Shelby and McVay, 1976),
(Shelby, 2005). In relation to foaming, this means that the addition
of WG can decrease the temperature of sintering and foaming,
which is beneﬁcial for the energy efﬁciency of the process. However, introducing water into the foaming mixture possibly leads to
the evolution of H2 and CO with high thermal conductivity, which
would compromise the properties of the ﬁnal product (Vaisman
et al., 2015), (Bayer, 1980).
There are a few studies dedicated to the development of a
foamed glass synthesis procedure that is more energy-efﬁcient and
produces fewer emissions (Guo et al., 2018), (Qu et al., 2016),
n et al., 2018). The majority of the research is focused on the
(Rinco
use of waste materials in the direct sintering process (Fernandes
€ nig et al., 2020). However,
et al., 2013), (Gong et al., 2016), (Ko
€ nig et al., 2020), (Ko
€nig et al., 2015, 2016,
only a handful of those (Ko
2018; Østergaard et al., 2019b) reported foamed glass with thermal
conductivity values below 50 mW m1 K1.
Performing the foaming process in air atmosphere lowers the
energy consumption by improving the fuel utilization efﬁciency
and reducing the required durability of involved equipment. In this
paper, we investigate the potential of using WG to transfer the
€nig et al., 2020) from inert to air
process described in reference (Ko
atmosphere. We reveal how the addition of WG affects the foaming
process and demonstrate that WG can be used for the transfer of
the foaming process from inert to an air atmosphere while maintaining good thermal insulation properties of the product.
2
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Table 1
Chemical composition of the waste CRT panel glass expressed in
wt. %.
Component

Concentration (wt. %)

SiO2
BaO
SrO
Na2O
K2O
Al2O3
ZrO2
CaO
MgO
PbO
Fe2O3
Others

61.0
9.7
7.8
7.7
7.1
2.4
1.5
0.8
0.3
0.2
0.2
1.3

Table 2
Amount of foaming additives in the batches before the addition of WG.
Batch

C [wt. %]

Mn3O4 [wt. %]

K3PO4 [wt. %]

0
Mn
C
Mn þ C

0
0
0.41
0.39

0
5.89
0
5.87

1.97
1.85
1.96
1.85

treatment was examined using X-ray powder diffraction (Malvern
PANalytical Empyrean diffractometer, Netherlands, CueKa radiation source, l ¼ 1.54187 Å, 45 kV and 40 mA) and analysed with
HighScore Plus software, using the PDF-4 database (Gates-Rector
and Blanton, 2019).
The densities of the compacted foaming mixtures before the
heat treatment (r0) were calculated from their initial dimensions
and weight. Powder density (rpow) of the CRT panel glass was
determined using a helium pycnometer (Ultrapyc 1200e, Quantachrome Instruments, US). The apparent density (rapp) of the obtained foams was measured by the Archimedes method (in water)
in the case of small samples or calculated from dimensions (geometric volume e Vgeo) and weight in the case of large samples. The
measurement of the pycnometric volume (Vpyc) of the small samples was performed by ﬁrst submerging the samples in boiling
absolute ethanol under reduced pressure to eliminate the air from
the open pores, and then measuring the volume of the submerged
sample via the Archimedes method in absolute ethanol.
The amount of total- (εtot), open- (εop) and closed-porosity (εcp)
for large samples was determined based on results from the density
measurements as shown in equations (2)e(4) in accordance with
ref. (Pinto et al., 2013). The density measurements were done on a
cut-out (2  2  2 cm3) from the larger sample.

2. Methodology
Foamed glass samples were prepared by heat-treating a mixture
of crushed CRT panel glass (Averhoff A/S, Aarhus, Denmark) and
foaming additives. Before use, glass powder was dried at 200  C for
180 min. The chemical composition of waste CRT glass is shown in
Table 1.
Carbon (carbon black, Lehmann & Voss & Co, Hamburg, Germany), manganese (II, III) oxide (Mn3O4), potassium phosphate
(K3PO4, 98%, Alfa Aesar, Karlsruhe, Germany) and commercial water
glass (WG, SiO2:Na2O ¼ 2, 50 wt % H2O) were used as foaming
additives. Mn3O4 was prepared by heat-treating manganese (IV)
oxide (MnO2, 98%, Alfa Aesar, Germany) at 1250  C for 4 h and
subsequent milling (planetary ball mill, PM 200, Retsch, Haan,
Germany). Initially, four batches were prepared using all additives
except WG. The batches contain 1.97 wt % of K3PO4 (in relation to
the glass only) and different combinations of carbon and Mn3O4
€nig et al.,
(see Table 2), based on the proportions reported in ref. (Ko
2020). All batches were dry-milled using the planetary ball mill
with 10 mm yttria-stabilized zirconia balls at 250 rpm for a total
time of 35 min, where Mn3O4 was added to the mixture after
30 min of milling. The obtained powders had particle sizes D50 and
D90 of ~7 and ~16 mm, respectively (analysed by laser
granulometry).
In the second step, various amounts (0, 4, 8, 12, 16, 20 and 24 wt
%) of water glass (WG) were added to the batches and manually
mixed in an agate mortar, obtaining the ﬁnal mixtures of raw
materials for foaming, i.e. foaming mixtures.
The foaming mixtures were compacted either into small cylindrical samples (~1 g) or into large square samples (~48 g). The small
samples were prepared in a steel die (4 ~12 mm) by uniaxial
pressing at 40 MPa using a hydraulic press and put on a kaolinpainted alumina substrate. The large samples were prepared by
manually compacting the foaming mixture into a square shape
(4 cm  4 cm  2 cm) and placed into a kaolin-painted
10 cm  10 cm  4 cm stainless steel mould. All samples were
treated in an electric chamber furnace, where they were heated up
to foaming temperature (Tfoam) of 800  C with a heating rate of
5 K min1. The small and large samples were kept at Tfoam for 5 and
20 min, respectively. After the isothermal step of heat treatment at
Tfoam, the samples were quenched to below 600  C and then left
inside the furnace to slowly cool down to room temperature.
Compaction and foaming of the samples were done immediately
after the preparation of the corresponding foaming mixture. Only
one batch was dried at 100  C for 60 min before the heat-treatment.
That way, the initial content of water varied only as a function of
WG concentration, except in the special case of the dried sample.
The presence of crystalline phases in the foams after the heat

εtot ¼ 1 

rapp
rpow

(2)

εop þ εcp ¼ 1
εcp ¼

(3)

Vgeo  Vpyc  Vpores


r
Vgeo 1  r app

(4)

pow

For the large samples, the volume of the pores on the surface of
the samples (Vpores) was calculated using the average pore size (dp)
obtained by the metallographic method and corrected for 3D pore
size distribution (Pinto et al., 2013). The average pore size was
calculated using ImageJ software on images containing approximately 500e900 pores.
Volumetric expansion (DV) of the small samples was evaluated
as shown in equation (5), considering also the mass loss (x), which
occurred during the heat treatment.

DV ¼





r0 ð1  xÞ
 1  100%
rapp

(5)

The thermal behaviour of the foaming mixtures during the heat
treatment was investigated using a thermo-gravimetric analyser
coupled with a mass spectrometer (TG/MS; NETZSCH STA 449 C/6/
€oloss QMS 403). The mass loss and the gases
G Jupiter, 403 C Ae
released during the foaming process were analysed on ~25 mg of a
compacted powder mixture. The samples were heated to 1000  C
with a heating rate of 10 K min1 in a synthetic air atmosphere
(50 ml min1).
The foaming behaviour was monitored by a hot-stage microscope (EM201x, Hesse instruments) where the silhouette area of a
3
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cylindrical sample (~25 mg) was monitored during heating with
5 K min1 up to 1000  C. Sintering temperature, foaming temperature and volumetric expansion were evaluated from this
measurement.
The gases present in the pores were measured by crushing the
samples within a He-ﬁlled cell and subsequently analysing the cell
atmosphere with a gas chromatograph (7890A GC System, Agilent
Technologies) on a 30 m long Rt-Msieve™ 5A and Rt-QPLOT™
(Restek) columns with an inner diameter of 0.320 and 0.530 mm,
respectively. More details about the procedure can be found in ref.
(Østergaard et al., 2019a). Standard curves were used to evaluate
the quantity of detected CO and CO2 gas. The background signals of
N2 and O2 gases were determined in the cell before and after
crushing the foam sample. Their increase during the measurement
was insigniﬁcant and ascribed to the contamination from the air
atmosphere.
The thermal conductivity of the large foam samples cut into
8 cm  8 cm  2 cm dimensions was measured using a heat-ﬂow
meter (HFM 446 Lambda Small, Stirolab, Se
zana, Slovenia) in
accordance with the DIN EN 12667 standard. The instrument is
calibrated by a NIST Standard Reference Material® 1450d. Typical
accuracy of the HFM is ±1%. The mean temperature of the sample
during the measurement was 10  C, while the temperatures of the
upper and lower plates were 5  C and 15  C, respectively.
3. Results and discussion
The addition of WG affects the physical properties of the
foaming mixture as well as the chemical reactions, which are the
driving force for the expansion. It is therefore sensible to inspect
the effects of WG addition on weight loss, evolved gases, crystallization and sintering/expansion behaviour.
3.1. Behaviour of the foaming mixtures during the foaming process
The behaviour of the foaming mixtures based on batch Mn þ C
was investigated by following the mass loss, evolved gases and
expansion during the heat treatment in air atmosphere. The
foaming mixture without WG loses ~0.5 wt % of its mass below
350  C (Fig. 1a). This mass loss (<350  C) is accompanied by the
signals for H2O and CO2 gases (Fig. 1b and c). This result is in
accordance with the literature where similar results were obtained
during the heating of a pure CRT panel glass and are related to the
€ nig et al., 2017).
desorption of gases from the glass particles (Ko
Addition of WG leads to an increase in the initial mass loss (Fig. 1a)
and H2O signal (Fig. 1c). Both observations are related to the loss of
water from the added WG and become more pronounced with
increasing content of WG.
A second mass loss (350e550  C) is detected simultaneously
with a broad CO2 signal for all compositions (Fig. 1a and b) and can
be mainly attributed to the undesired reaction of carbon with oxygen from the surrounding air. This mass loss decreases gradually
with increasing content of WG (0.68, 0.56 and 0.40 wt % for 0, 12
and 24 wt % of added WG, respectively e labelled values in Fig. 1a).
One would expect the opposite trend since WG contains high
amounts of water, which is still being released from the sample at
this point (Fig. 1c). Note also that the carbon content decreases with
the addition of WG, from 0.39 wt % in the sample without WG, to
0.35 and 0.32 wt % in the samples with 12 and 24 wt % WG,
respectively. However, the decrease observed in Fig. 1a is larger
than the changes in the carbon content and therefore cannot be
solely attributed to the decreasing carbon content. More precise
conclusions cannot be made since the mass loss in this temperature
range overlaps also with the mass loss of pure CRT panel glass
€nig et al., 2017). Despite this, such a decrease of the mass loss in
(Ko

Fig. 1. (a) Mass loss, (b) CO2 (m/z ¼ 44) and (c) H2O (m/z ¼ 18) signals from TG/MS
analysis performed in synthetic air atmosphere for batch Mn þ C containing 0, 12 and
24 wt % of WG. Lines are shifted for clarity.

the temperature range 350e550  C is the ﬁrst indication that the
reaction of carbon with oxygen from the atmosphere is retarded by
the addition of WG. Moreover, since these experiments are performed on very small samples, the effect is expected to be even
4
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more pronounced in larger samples.
Further heating reveals an additional small mass loss in the
temperature range of 600e840  C, which can be seen only for the
samples that contain WG. The mass loss increases with increasing
content of WG (mass loss values are 0.04, 0.12 and 0.31 wt % for the
0, 12 and 24 wt % of WG, respectively) and is related to the reaction
of carbon with Mn3O4, since additional sharp CO2 signals start to
appear above 600  C (Fig. 1b). The shape of CO2 signals is typical for
a sudden release of gas, which occurs due to the opening of the
€ nig et al., 2017). Mass loss bepores when pore walls fracture (Ko
tween 600 and 840  C and CO2 signals above 600  C imply that
carbon is still present inside the material at this stage. These are
additional indications that WG protects the carbon from the reaction with oxygen from the atmosphere. The high-temperature mass
loss (>840  C), most noticeable in the sample without WG, can be
attributed to the reduction of Mn3O4 to MnO, which results in the
€ nig et al., 2017). However, in the present investirelease of O2 (Ko
gation, the O2 signal cannot be detected due to the high background
O2 signal from the synthetic air atmosphere. For the samples with
added WG, a decreasing trend in the amount of mass loss above
840  C is observed, while the mass loss between 600 and 840  C
increases. This happens because the reduction of Mn3O4 is shifted
€nig et al.,
to lower temperature due to the reaction with carbon (Ko
2017).
With TG/MS analysis we were able to show three effects indicating that the added WG protects part of the carbon from the
premature oxidation, namely, decreased mass loss at 350e550  C
related to CO2 release, increased mass loss at 600e840  C related to
the reaction between carbon and Mn3O4 and sharp CO2 signals
above 600  C. This shows that the heat treatment of the mixture
with added WG in the air atmosphere leads to similar reactions as if
the heat treatment would be performed in an inert atmosphere
€nig et al., 2017). Such a result is desirable and beneﬁcial for the
(Ko
foaming process since carbon is a crucial component required for
the expansion and formation of low-density foamed glass.
The TG/MS results of the other three batches (batches 0, Mn and
C) with added 12 wt % WG show an initial mass loss (<350  C)
accompanied by H2O signal, similar as in the case of Mn þ C batch
with 12 wt% WG (Fig. 2). The main characteristics of these batches
can be observed at the same points of interest as discussed above.
For the batches that do not contain carbon (batch 0 and Mn on
Fig. 2a) there is no distinctive mass loss signal (350e550  C) and,
moreover, no sharp high-temperature CO2 signals (Fig. 2b). Additionally, batch Mn shows a clear mass loss above 840  C attributed
to the reduction of Mn3O4, while batch 0 shows no other effects. On
the other hand, batch C produces sharp CO2 signals very similar to
the batch Mn þ C, indicating the presence of carbon in the sample.
The sintering and expansion behaviour of the foaming mixtures
determined with a hot stage microscope is presented in Fig. 3 and
Fig. 4. During the heat treatment of the foaming mixtures presented
in Fig. 3, no change in the silhouette area was detected below
500  C. Above 500  C, the sintering stage initiates, indicated by a
decrease in the silhouette area. With a further increase of the
temperature, the silhouette area decreases until it reaches a minimum, marked as the sintering temperature (Tsint). It is apparent
from Fig. 3 that the onset temperature of the densiﬁcation and the
Tsint decrease with increasing content of WG. This can be explained
as an effect of the water bound in the structure of WG. The presence
of water in the glass structure and increased partial pressure of
water both decrease the viscosity of glass and, consequently,
facilitate the sintering process (Bartholomew et al., 1982), (Cutler,
1969).
The silhouette area of the Mn þ C sample with 12 wt % WG starts
increasing rapidly when the temperature passes the Tsint, due to the
foaming of the sample (Fig. 4a). During this stage, closed pores start

Fig. 2. (a) Mass loss, (b) CO2 (m/z ¼ 44) and (c) H2O (m/z ¼ 18) signals from TG/MS
analysis performed in synthetic air atmosphere for batches 0, Mn and C containing
12 wt % of WG (see legend). Gas signal lines are shifted due to clarity.

to nucleate and grow. Above 800  C, sharp changes of the silhouette
area can be observed due to the collapse of larger pores that open to
the atmosphere. The silhouette area reaches a maximum value at
~850  C (inset in Fig. 4a), followed by a gradual decline when the
5
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reaction contributes to the expansion in the batch Mn þ C. This
contribution is the key for achieving a product with a low density,
which is one of the most important parameters among the requirements for good thermal insulation properties of foamed glass
(Østergaard et al., 2019b), (Petersen et al., 2015).
TG/MS and hot stage microscope analysis revealed that the
addition of WG protects the carbon and enables considerable
expansion of the foamed glass in the air atmosphere. How WG
protects the carbon can be explained by at least two mechanisms.
The ﬁrst mechanism is related to the high amount of H2O present in
WG (~50 wt %), which is gradually evaporating during the heat
treatment. When water vapour is released within the sample it
dilutes and displaces the air which is initially present in the pores
between the particles. This creates a locally less oxidative atmosphere and, thus, protects the carbon from oxidation. Some of the
evaporated water can be detected even above 400  C (Fig. 1c). The
second mechanism is related to the sintering behaviour of the
mixture. We have shown that the addition of WG decreases the Tsint
(Fig. 3). Closing of the pores, therefore, appears at a lower temperature, thus shortening the time during which the carbon can be
oxidized by oxygen from the air.

Fig. 3. Silhouette area of the samples, prepared from batch Mn þ C containing 0, 12
and 24 wt % of WG, as a function of the temperature. Silhouette area was measured by
a hot stage microscope during the heat treatment in the air atmosphere with a heating
rate of 5 K min1.

3.2. Effect of the added WG on the properties of the foamed samples
foam becomes increasingly unstable and starts to shrink. Knowing
the temperatures at which the expanding foam is still stable helps
to evaluate the optimal foaming temperature (Tfoam) (Petersen
et al., 2016). For the mixtures containing 12 wt % WG we determined that optimal Tfoam is 800  C.
The foaming mixtures prepared with the addition of 12 wt % of
WG from batches 0, C, Mn and Mn þ C were thus tested by heating
to the Tfoam ¼ 800  C and subsequent fast cooling inside the hotstage microscope (Fig. 4b). Note that the actual temperature of
the samples deviated from targeted Tfoam for ±15 K. Batches 0, Mn
and C have a similar rate of expansion and comparable ﬁnal
silhouette area (230e280%), indicating a common source contributing a major part of the expansion. WG is the only common factor
of batches 0, Mn and C, which can cause their expansion. The rate of
expansion and ﬁnal silhouette area (480%) of the Mn þ C batch,
however, is much higher, compared to the other three batches
(Fig. 4b). Both differences indicate that an additional gas-releasing

To further determine how the addition of WG affects the
expansion, we heat-treated the foaming mixtures, based on the
four different batches with varied content of WG, i.e. 0e24 wt %. All
foaming mixtures were heat-treated at the same Tfoam (800  C) for
better comparison. This value was determined as an optimal Tfoam
for Mn þ C batch with a medium content of WG, i.e. 12 wt %. It
should be noted that the content of WG affects the behaviour of the
mixture during foaming (Fig. 3) and optimal Tfoam, therefore, differs
between the mixtures as a function of WG content.
Crystallization during the foaming process is not desired since it
can lead to weaker expansion and open-pore structure
(Proussevitch et al., 1993). Even though CRT panel glass has high
glass stability and does not crystallize easily (Petersen et al., 2017),
it is important to inspect whether the additives alter its crystallization behaviour. The results of the XRD analysis performed on the
foamed samples are shown in Fig. 5. A broad peak over a wide range
of 2q, which is characteristic for glass and indicates a lack of long-

Fig. 4. Silhouette area of (a) the batch Mn þ C with 12 wt % WG (sample size 0.25 g) and (b) the batches 0, Mn, C and Mn þ C containing 12 wt % WG heated to the foaming
temperature of 800  C (sample size 1 g).
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Fig. 5. XRD patterns of the foamed glass samples prepared (a) from a batch Mn þ C with different amounts of WG in comparison with waste CRT panel glass and (b) from different
batches containing 12 wt % of WG.

addition of both, carbon and Mn3O4, greatly enhances the expansion. This indicates that the reaction between carbon and Mn3O4
(Reaction 1) contributes to the foaming, implying that carbon is
indeed present in the sintered sample due to the protective role of
added WG. A decrease in the density of the foam samples with
increasing content of WG is in accordance with the results from TG/
MS analysis, which suggest that higher addition of WG protects
more carbon. Furthermore, the higher addition of WG by itself
decreases the density of the foam (Hesky et al., 2015) as can be seen
from the samples prepared from batch 0.
The density data from Table 3, and green densities of the samples, were recalculated to expansion and are presented in Fig. 6. The
data allow good visualization of the similarities and differences in
the expansion between the different batches. The expansion of the
samples prepared from batch 0 can be assumed as a baseline, which
is directly related to the presence of WG and will occur also in other
foaming mixtures. The direct contribution of WG to the foaming is
to be investigated, however, it is assumed that the major source is
the release of the more strongly bound water (Hesky et al., 2015).
The expansion of other foaming mixtures above this baseline is,
therefore, connected with the formation of additional gases from
other foaming additives and related reactions. The samples prepared from batches Mn and C expand beyond the baseline due to
decomposition of Mn3O4 or water-gas shift reaction, respectively.
However, there is only a minor difference between the expansions
of batches Mn and C in comparison to batch 0 (Fig. 6). WG is,
therefore, the main contributor to the expansion of the samples
prepared from batches 0, Mn and C. Compared to these three
batches, a much larger expansion occurs in the batch Mn þ C. The
difference in expansion can be related to Reaction 1. Thus, the two
main origins of the expansion are WG addition and CO2-producing-

range order, is clearly visible in all samples. The diffraction peaks
are of very low intensity, similar to the heat treatment without the
€nig et al., 2017), (Ko
€nig et al., 2020). Therefore,
addition of WG (Ko
the addition of WG has a small effect on the crystallization
behaviour of the mixtures. Furthermore, the crystallization of the
samples prepared from different batches is very similar (Fig. 5b).
The samples from all batches show the presence of an unidentiﬁed
crystalline phase(s) with peaks at ~ 31.1, 32.0 and 45.4 . Phase(s)
related to those is most likely related to the presence of alkali
phosphate (PDF 00-018-1049) in CRT panel glass (Østergaard et al.,
2017). All other signiﬁcant peaks are related to either Mn3O4 (PDF
01-080-0382) or MnO (PDF 00-003-1145) and were detected only
in the samples with added Mn3O4, i.e. in the batch Mn and batch
Mn þ C. Nevertheless, the content of crystalline phases is low in the
case of all samples, which can be explained by the good glass stability of the panel glass (Petersen et al., 2017). The XRD patterns are
similar to the XRD patterns of the material processed in an oxygenfree atmosphere (Petersen et al., 2017). Therefore, we assume that
crystallization does not affect the expansion of the foams
signiﬁcantly.
Apparent density (rapp) of the samples and amount of open
porosity (εop), calculated according to Eqs. (2)e(4), are shown in
Table 3. As expected, heat treatment of the foaming mixtures
without WG in the air atmosphere leads to a product with a high
density. More importantly, the rapp of the foam samples decreases
with increasing content of WG, while the amount of open porosity
increases. The foam samples prepared from the foaming mixture
based on batch Mn þ C have lower rapp compared to the samples
prepared from the batches 0, C and Mn. The rapp of the latter three
samples is very similar. A sole addition of carbon or Mn3O4 does not
contribute to the decrease of rapp signiﬁcantly. On the contrary, the

Table 3
Apparent density (rapp) and open porosity (εop) of the small samples prepared in the air atmosphere at 800  C with different contents of WG. The samples were prepared from
four batches with different foaming agents.
Content of water glass [wt. %]
Batch

0

4

8

12

16

20

24

rapp [kg m3] εop [%] rapp [kg m3] εop [%] rapp [kg m3] εop [%] rapp [kg m3] εop [%] rapp [kg m3] εop [%] rapp [kg m3] εop [%] rapp [kg m3] εop [%]
0
C
Mn
Mn þ C

2124
2114
1552
1682

0
0
0
0

1058
1006
922
647

4
0
0
3

743
631
665
346

3
1
0
10

640
456
546
203

3
3
0
28
7

542
401
439
173

6
4
1
14

383
325
351
165

2
2
17
7

272
283
274
166

79
3
75
14
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Fig. 6. Volumetric expansion of the samples based on the apparent densities measured before and after the foaming. Reactions relevant for the expansion of the foaming mixtures
with 12 wt % of WG are written with horizontal arrows representing their relative contribution. Less important reactions are labelled with an *.

only WG are white. The colour of the samples containing carbon, i.e.
batch C, changes from white to black with increasing content of
WG. The reason for the colour-change is related to an increased
amount of carbon that stays in the sample due to the protective role
of the added WG. This carbon either remains on the pore walls in
case it is not oxidized or participates in the gas-releasing redox
reactions with multivalent ions (Hubert et al., 2019) in the glass or
H2O released from WG (Gadsby et al., 1946). First two cases
€ nig et al., 2015). A
contribute to the darker colour of the sample (Ko
similar observation of colour-change with the addition of WG was
reported in a study of foaming with WG and glycerol
(Karandashova et al., 2017). Dark violet to the pink colour of the
samples from batch Mn that contains Mn3O4 is related to the
incorporation of Mn2þ/Mn3þ ions into the glass structure. The
colour of the samples with all the additives (batch Mn þ C) changes
from dark violet at low WG addition (colour related to Mn2þ/Mn3þ),
through dark pink to grey (colour related to higher carbon content
and redox reactions). Thus, a higher addition of WG preserves more
carbon and, consequently, the samples become darker.
The large samples were prepared from the batch Mn þ C with 12
or 24 wt % of added WG. Samples of different densities were obtained by varying the foaming temperature (Tfoam). In order to
obtain a foam of similar density from both foaming mixtures, a
lower Tfoam was used for the mixture with 24 wt % of WG. This is

reaction between carbon and Mn3O4. The contribution of each to
the expansion can be roughly estimated from Fig. 6. The highest
relative contribution from Reaction 1 is observed for compositions
with 12e16 wt% WG. With a higher WG addition, the relative
contribution of WG increases and exceeds 50% at 24 wt % of WG.
Apparently, the addition of WG affects the expansion of the foamed
glass directly (all batches) (Hesky et al., 2015) and indirectly (batch
Mn þ C) by protecting the carbon, thus, allowing further expansion
due to Reaction 1.
WG is added to the foaming mixture Mn þ C to allow foaming in
air atmosphere. From the production perspective, it is desired to
use a minimal amount of any additive to achieve the required effect.
In an inert atmosphere, expansion of the Mn þ C foaming mixture
€ nig et al., 2017). In air atoccurs solely due to the Reaction 1 (Ko
mosphere, the minimal amount of added WG to achieve sufﬁcient
expansion is around 12 wt%. Thereafter, we conclude that the
optimal addition for foaming is in the range 12e16 wt % of WG.
Note that for each foaming mixture the optimal foaming conditions
are different.
Images of the cross-sections of the small samples are shown in
Fig. 7. In accordance with the decreasing density, the size of the
samples increases with increasing WG content. The most expanded
samples from batch Mn þ C exhibit larger pores in comparison to
the samples from the other three batches. The samples containing

Fig. 7. Images of the cross-sections of the samples heat-treated at 800  C. Note that three high-density samples without added WG are uncut. For a colour image of higher quality,
refer to the online edition of the paper. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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related to the role of WG being a direct and indirect source of
expansion (Fig. 6). An increase in the Tfoam leads to larger pores
(Fig. 8). The most pronounced increase in the pore size can be
observed when a mixture with 12 wt % of WG is foamed at 800  C.
This can be explained by an excessive release of gas during foaming
which resulted in excessive coalescence. Here, it becomes apparent
that 800  C is actually not an optimal Tfoam for larger samples. This
can be deduced just by comparing the pore structure of the small
sample (Fig. 7, batch Mn þ C with 12 wt % WG) and the large sample
(Fig. 8b). The discrepancy is related to the surface-area-to-volume
ratio of the compacted samples. As explained before, water evaporates from WG and creates a locally less oxidative atmosphere,
which protects the carbon from premature oxidation and enables
expansion via Reaction 1. The evaporation of water from the smaller
sample happens faster and the effect of WG, protecting the carbon,
is much less pronounced than in the large sample. Consequently,
more carbon remains available for Reaction 1 in the large samples,
producing more CO2 which excessively expands the foam. The
accompanying pore coalescence leads to large pores, large pore size
deviation and high amounts of open porosity. Reducing the initial
water content in the foaming mixture could mitigate the pronounced effect of the sample size and resulting coalescence. This
possibility was tested by drying the foaming mixture at 100  C for
60 min before the foaming of a large sample. Total water content
decreases as less strongly bound water is freed from the foaming
mixture during the drying (Uchino et al., 1991). A sample prepared
from a dried foaming mixture (Fig. 8c, dried for 1 h at 100  C) has a
lower density and smaller pores in comparison to the one prepared
from the undried foaming mixture (Fig. 8b). Note, that both samples were foamed at the same temperature. Further optimization of
the water content in the foaming mixture and tuning of the
foaming conditions could allow achieving even lower densities
without losing the small-sized, homogeneous pore structure.
The samples prepared from the foaming mixtures containing
24 wt % WG at a lower Tfoam exhibit similar densities as the samples

Table 4
Apparent density (rapp), thermal conductivity (l), porosity (ε), open porosity (εop)
and average pore size (dp) for the samples prepared at different Tfoam. The superscript letters refer to the images in Fig. 8.
12 wt % WG
Tfoam [ C]
3

r [kg m ]
l [mW m1 K1]

ε [vol. %]
εop [vol. %]
dp [mm]
a

760

a

180
42
94
29
1.45 ± 0.89

24 wt % WG
800

b

130
54.8
95
N/A
N/A

800

c,a

146
39.5
95
20
1.93 ± 1.99

730d

755e

177
44.9
94
8
1.15 ± 0.88

145
41.6
95
13
1.96 ± 2.77

The sample was dried at 100  C for 60 min before the heat treatment.

prepared at a higher Tfoam from the foaming mixtures containing
12 wt % WG. The increase of Tfoam above these values, for both sets
of samples, leads to an increased amount of open porosity along
with the increased pore size and pore size deviation, which is not
desired. However, the amount of open porosity and pore size
remained under 30 vol % and 2 mm, respectively, for the given Tfoam
(Table 4). Here we note that the open porosity was measured on a
small piece of the large samples and despite the corrections applied
(Pinto et al., 2013), the open porosity of the large sample is expected
to be lower than the one reported in Table 4. Relatively low density,
low amount of open porosity and small pores are reﬂected in a low
thermal conductivity, apart from the sample with excessively large
pores.

3.3. Thermal conductivity
Thermal conductivity was measured on the large samples prepared at different Tfoam from the batch Mn þ C with added 12 or
24 wt % WG. A decrease in the samples’ density is accompanied by a
decrease in the thermal conductivity, where the dependence is
almost linear (Fig. 9). The sample (Fig. 8b) exhibiting apparently

Fig. 8. Pore structure of the large samples prepared at different Tfoam, labelled on the upper left side, from the foaming mixtures based on the batch Mn þ C with the addition of 12
or 24 wt % of WG. Additionally, sample c) was dried at 100  C for 60 min before the heat treatment. For a colour image of higher quality refer to the online edition of the paper. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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way for the recycling of the waste CRT panels (Yao et al., 2018). Due
to the effective foaming in air atmosphere, one can expect much
better fuel efﬁciency and furnace durability in comparison to
foaming in an oxygen-free atmosphere, thus improving the energy
efﬁciency of the production. The impact of air-atmosphere foaming
on the environment is lower in comparison to the oxygen-free
process as indicated by the difference in global warming potential
(GWP) values on the environmental product declarations (EPD)
from ref (Glapor Schaumglasprodukte, 2020). and (Owens Corning
Foamglas@., 2020), respectively. The fact that the process can be
operated in an air atmosphere allows for the use of an electricallypowered instead of a gas-combustion furnace, where the energy
used can be obtained from renewable resources. All of the abovementioned factors positively affect the environmental impact of
the potential product which is in agreement with current trends in
policy-making and construction industry (Allouhi et al., 2015),
(Marcellus-Zamora et al., 2020).
The increased energy efﬁciency of the process and use of waste
glass has a potential to decrease the price of the ﬁnal product,
which could be an important factor considering that foamed glass is
generally pricier than other commercial thermal insulation materials (Kumar et al., 2020). This suggests that the investigated process does have the potential to be an attractive choice for the
production of foamed glass for the needs of the construction industry. Consequently, the industrial use of the new process would
positively contribute to the sustainability and energy efﬁciency of
the foamed glass sector.

Fig. 9. Thermal conductivity dependence on the density of the samples prepared with
12 or 24 wt % WG at different conditions (the letters refer to the labels and superscripts
in Fig. 8 and Table 4, respectively) in comparison to literature reports. The data points
are larger than the error of the measurement.

larger and non-homogeneously distributed pores and therewith
much higher open porosity (large pores are open and ﬁlled with air
that has a higher thermal conductivity, convection contribution is
possible) is, reasonably, the only one not following this trend. The
relation between the thermal conductivity and the density of the
prepared samples is very similar to the relation reported in ref.
€nig et al., 2020). The lowest thermal conductivity, i.e.
(Ko
l ¼ 39.5 mW m1 K1 at rapp ¼ 145 kg m3, was obtained for the
sample prepared from a dried foaming mixture (1 h at 100  C) with
added 12 wt % WG heat-treated at 800  C. The low thermal conductivity indicates that the pores are in major part ﬁlled with low
heat-conducting gas. The content of open pores in the samples with
the lowest l values is low, i.e. below 20% (Table 4). Moreover, gas
chromatography analysis showed that the closed pores of the
samples from the Mn þ C mixture with 12 or 24 wt % WG contain
CO2 with only traces of CO. These observations, the small pore size
(Table 4) preventing the appearance of convection, and the density
€ nig
above 145 kg m3, preventing the appearance of radiation (Ko
et al., 2020), result in a very low thermal conductivity. With
further optimization of the composition and processing (drying and
foaming), a further decrease in the density towards 100 kg m3 is
potentially achievable. If the high degree of closed porosity, small
pores and CO2 content could be maintained alongside the low
density, then the thermal conductivity would decrease further.
The presented foamed glass samples show a comparable thermal conductivity to the products prepared from the glass with
adjusted composition and/or in a controlled atmosphere at equivalent density (Owens Corning Foamglas@., 2020), (Glapor
€ nig et al., 2020).
Schaumglasprodukte, 2020), (Ko

4. Conclusions
In order to decrease the energy demand, CO2 emissions and
embodied energy of the product, we performed direct foaming of
waste CRT-panel glass with Mn3O4 and carbon in air atmosphere
with the addition of water glass. Foaming in air atmosphere was
possible because water glass protected the carbon from a premature reaction with the oxygen from the air and allowed its latter
reaction with manganese oxide. This is evident from the reduced
mass loss during the carbon-air reaction (350e550  C), increased
mass loss during the carbon-Mn3O4 reaction (600e840  C),
reduced mass loss during the Mn3O4 reduction (>840  C) and the
presence of sharp CO2 signals (>700  C). We have shown that water
glass protects the carbon by decreasing the Tsint of the foaming
mixture and by displacing the air during the heating stage of the
process due to the constant release of H2O. Furthermore, we have
shown that the expansion of the foaming mixture is directly related
to the presence of water glass and the redox reaction between
carbon and Mn3O4. Water glass does not trigger excessive crystallization in the foaming mixture, which would potentially inhibit
the expansion. Foamed glass with a density and thermal conductivity as low as 145 kg m3 and 39.5 mW m1 K1, respectively, can
be effectively achieved by this process. These values are comparable
or superior to the foamed glass prepared in an inert atmosphere.
Thus, with the addition of water glass, foamed glass with a low
thermal conductivity can be produced in air atmosphere with a
lower impact on the environment and a much better energy efﬁciency. Furthermore, the results presented in this contribution
provide guidance for future research on the sustainable production
of foamed glass.

3.4. Potential impact of the transfer from controlled to air
atmosphere
In the development of more sustainable processes and products,
the performance properties of the product are prerequisite. Only in
such a case, the product can be competitive. Results show that the
thermal conductivity of the foamed glass prepared in this investi€ nig et al., 2020). and the
gation is comparable to the one in ref (Ko
best commercial products (Owens Corning Foamglas@., 2020). The
potential product of the investigated process can be produced
almost entirely out of waste glass which can provide an effective
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