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A B S T R A C T   

Water glass is a common additive in the process of direct foaming of glass, however, the currently accepted 
foaming mechanism lacks experimental validation. A foaming mixture of waste cathode ray tube panel glass and 
water glass was investigated for its expansion and gas evolution behavior via hot stage microscopy and ther-
mogravimetry coupled with mass spectroscopy, respectively. The evolution of a significant amount of CO2 during 
the heating of the foaming mixture was detected and an overwhelming presence of CO2 within the pores of the 
foamed glass was confirmed with gas chromatography. With this investigation, we reveal an underlying foaming 
mechanism, where a carbonate phase forms after mixing water glass with the glass powder and later acts as the 
foaming agent. The unveiled mechanism could help further research in the field of foamed glass, with the po-
tential to produce more sustainable materials with better performance via less energy-demanding processes.   

1. Introduction 

Development of materials along with the general sustainability 
trends should be beneficial from an ecological as well as from an eco-
nomic point of view. This especially applies to the materials developed 
for the building sector as one of the biggest energy consumers, globally 
accounting for 36 % of final energy use and 39 % of CO2 emissions [1]. 
New, efficient and sustainable materials are therefore required to help 
improve the current state. 

Foamed glass is thermally-insulating material with applications in 
industry and construction. Low thermal conductivity, excellent chemical 
and mechanical stability, non-combustibility, and water-impermeability 
are the main characteristics that define foamed glass [2]. Amongst the 
processes of foamed glass production, direct foaming is the most rele-
vant and well-researched [3–9]. Several investigations have shown that 
foamed glass can be prepared by direct foaming process from the 
mixture of waste glass and foaming additives, without high-temperature 
melting of the cullet [3–12]. The main principle of the direct foaming is 
to heat the glass powder to the point where it becomes viscous [13], 
allowing its expansion, driven by the increased internal pressure, 
generated by the trapped gas phase. The gas evolves from the 
gas-generating additives, i.e., foaming agents, admixed to the glass 
powder. Foaming agents can be distinguished according to the manner 
they release gas, i.e. decomposition, reaction, or combination of both 

(foaming couples). The use of foaming couples can be especially suitable 
when foaming with waste glass due to the lesser effect of the matrix 
phase composition on the evolution of gases [6,14]. 

Water glass (WG) is a common additive that can be used either as an 
aid or as a sole foaming agent in the direct foaming process [15–19]. WG 
is a technical name used for alkali silicates, most commonly designating 
sodium silicate ((Na2O)x(SiO2)y). Structurally, WG is described as a 
colloidal suspension of aqueous sodium silicate solution (or a sodium 
silicate sol) [20]. Colloids and silicate anions/molecules are the main 
components of WG, and water is present between them in various con-
figurations, i.e. as OH groups interacting with the Si network or as 
molecular water molecules which can be either hydrogen bonded to the 
nonbridging oxygens, interacting with the SiOH groups or interacting 
with the siloxane bridges [21,22]. The ratio between SiO2 and Na2O 
affects the size of silicate molecules and the solubility of WG. The 
physical properties of WG change drastically with the content of water, 
it can be either hard solid glass or a liquid where the mixture remains 
homogeneous in almost all mixing proportions (sodium silicate to 
water). Drying of WG solution leads to the formation of a xerogel with a 
glass-like structure, which with further heating transitions to a soft 
phase and starts to foam due to the evaporation of leftover water. Both 
phenomena are accompanied by a structural evolution, characterized by 
increased network connectivity [22]. 

Mixing the glass powder with WG affects its characteristic 

* Corresponding author at: Advanced Materials Department, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia. 
E-mail address: uros.hribar@ijs.si (U. Hribar).  

Contents lists available at ScienceDirect 

Journal of Non-Crystalline Solids 

journal homepage: www.elsevier.com/locate/jnoncrysol 

https://doi.org/10.1016/j.jnoncrysol.2022.122025 
Received 19 August 2022; Received in revised form 3 November 2022; Accepted 6 November 2022   

mailto:uros.hribar@ijs.si
www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2022.122025
https://doi.org/10.1016/j.jnoncrysol.2022.122025
https://doi.org/10.1016/j.jnoncrysol.2022.122025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2022.122025&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Non-Crystalline Solids 600 (2023) 122025

2

temperatures, consequently promoting the sintering and decrease of the 
foaming temperature (Tfoam) [23,24]. The use of WG also enables the 
implementation of carbon-based foaming processes in the air atmo-
sphere [17,25] which contributes to the identification of WG as a 
“green” foaming agent. 

Although water glass is a well-known foaming additive in research 
and industry, the mechanism behind the foaming remains yet to be 
explained and experimentally proven [15,16,25]. Currently, the litera-
ture predicts that the expansion of the glass body occurs due to the 
release of the structurally-bonded water from WG [19]. Although 
plausible, this explanation remains to be backed by experimental evi-
dence. Furthermore, an interesting question of, what happens to such 
pore-trapped water upon cooling, remains unanswered. There are three 
possible outcomes regarding the state of the trapped water vapours 
during the cooling of such foam. During cooling, water vapours can 
either react with glass, condense, or remain as part of the atmosphere in 
the form of vapours. The equilibrium between condensed water and 
water vapours is greatly in favour of condensate since water vapour 
pressure at room temperature (~ 0.03 bar) is one order smaller than the 
lowest evaluated internal pressures [14]. Detection of water vapours at 
high temperatures (~600 ◦C) during the heating of WG [25] suggests 
that water could indeed be one of the main expansion gases. This can be 
experimentally proven by the pore gas analysis. 

Soluble silicates, such as WG, react with CO2 [20] forming carbon-
ates [26,27]. It is well known that carbonates can be used as foaming 
agents for the direct foaming of glass [28–30]. Therefore, it is also likely 
that the effect of the (air) atmosphere on the WG-containing foaming 
mixture is not negligible. Studies on the consolidation process of foundry 
cores [31] have dealt with the effect of CO2 on the sintering behaviour of 
the sand-water glass mixtures and have shown that CO2 decisively af-
fects the sintering behaviour of the material. Consequently, the reaction 
between CO2 and WG could significantly affect the foaming process and 
should be examined. 

It is essential to study the foaming mechanisms of WG since it is 
already used in several industrial production processes and could 
become an even more important additive for glass foaming. This paper 
aims to unveil the mechanisms of foaming with WG by revealing the 
composition of pore gas, the structural and microstructural evolution of 
the material during heating and the effect of the processing atmosphere 
on the foaming process. The results of this paper offer insight into the 
mechanism of foaming with WG, helping the development of the foamed 
glass production processes in the future. 

2. Methodology 

2.1. Sample preparation 

Waste cathode ray tube (CRT) panel glass and K3PO4 (2 wt%) were 
mixed and milled in a planetary ball mill (PM 200, Retsch, Haan, Ger-
many) for 35 min at 250 rpm, reducing 50 % of particles below 9 μm (see 
Supplementary Information, Fig. S1 and Table S1). The obtained powder 
was manually mixed with 24 wt% of water glass (WG). Technical grade 
WG with SiO2 to Na2O weight ratio of 1.85:1 and with a total water 
content of ~ 50 wt% was used. The obtained mixture was then either i) 
immediately heat-treated (within 1 hour) to minimize the effect of air 
atmosphere on its properties or ii) processed further. Further processing 
performed on the mixture was either drying, storing in a CO2 

atmosphere or a combination of both (Table 1). 
Foaming mixtures were compacted in a steel mould (3 g in ϕ 15 mm) 

and heat-treated in an electric chamber furnace with a heating rate of 
5◦C min–1. The final temperature of the heat treatment varied between 
500 and 900 ◦C and the holding time was 5 min. Weight and volume of 
the powder compacts were determined before (mi, Vi) and after (mf, Vf) 
the heat treatment to determine the initial (ρi) and the final apparent 
density (ρf), and the expansion (E), according to Eq. (1). 

E =
Vf − Vi

Vi
=

mf
ρf
− mi

ρi
mi
ρi

=

(
ρi(1 − x)

ρf
− 1

)

× 100% (1)  

Where x is the relative weight loss of the sample: 1 −
mf
mi 

. The volume of 
the powder compacts before and after the heat treatment was measured 
with the laboratory calliper and the Archimedes principle (in distilled 
water), respectively. Uncertainties of density measurement via calliper 
and Archimedes principle are below 1 % and 0.2 %, respectively. 

2.2. Sample analysis 

2.2.1. Foaming mixture behaviour during heating 
Hot stage microscopy (HSM; EM201x, Hesse instruments) and ther-

mogravimetry coupled with mass spectroscopy (TG/MS; NETZSCH STA 
449 C/6/G Jupiter, 403 C Aëoloss QMS 403) were performed on the 
Fresh, Dried, Fresh-CO2-stored and Dried-CO2-stored foaming mixtures to 
observe their behaviour during heating. A smaller amount (~30 mg) of 
foaming mixture was compacted in a steel mould (θ = 3 mm) and heated 
at a rate of 5 and 10 ◦C min− 1 for HSM and TG/MS, respectively. Air and 
synthetic air atmospheres were used for HSM and TG/MS, respectively. 
Intense contrast is achieved by shining a strong light source on the 
sample during the HSM measurement and continuously measuring the 
area of its shadow, i.e. its silhouette area, given in the form of a 
normalized value. The characteristic starting points of sintering and 
foaming (Ts and Tfoam, respectively) from HSM are defined as in ref. 
[32]. 

Deviation between the sample duplicates from the HSM measure-
ment was evaluated and is near 1.7 % below the collapse temperature 
and near 8 % above the collapse temperature. 

2.2.2. Composition of pore gas 
Gas present in the pores (pore gas) was determined by crushing the 

samples in a He-filled cell and inspecting the cell atmosphere with a gas 
chromatograph (7890A GC System, Agilent Technologies) on a 30 m 
long Rt-MsieveTM 5A and Rt-QPLOTTM (Restek) columns with an inner 
diameter of 0.320 and 0.530 mm, respectively. Measurement of the cell 
atmosphere was always performed in triplicates. For a thorough 
description refer to ref. [33]. 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 He-filled cell before crushing the foam 
sample. The increase of the N2 and O2 during the measurement was 
insignificant and was likely related to the contamination with the air 
atmosphere during cell handling and gas injection into the instrument. 
Average deviation between the triplicates was near 50 % and further 
suggests an error due to the air contamination (see Supplementary In-
formation, Table S2). Additionally, an Ultraportable Greenhouse Gas 
Analyser (Los Gatos Research) was used to detect possible H2O presence 
in the pore gases. For the analysis, 5 ml of gas from the cell was injected 
into the analyzer. 

2.2.3. Sample structure 
Powder compacts prepared from the foaming mixtures were treated 

at various temperatures (500, 600, 700, 800 and 900 ◦C), quenched to 
room temperature, crushed, mixed with KBr (sample:KBr ratio of 1:12) 
and analysed by FTIR (Perkin Elmer Spectrum 400 MIR, DRIFT mode) to 
correlate the change in the sample structure with the behaviour during 

Table 1 
Description of the foaming mixtures and their corresponding labels.  

Further processing of the foaming mixture Label 

None Fresh 
Drying Dried 
Storing in CO2 atmosphere for 24 h Fresh-CO2-stored 
Drying and subsequently storing in CO2 atmosphere for 24 h Dried-CO2-stored  
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the heating. 
Foaming mixtures were examined for the presence of crystalline 

phases before the heat treatment and after heating to 500 and 800 ◦C by 
X-ray powder diffraction (Malvern PANalytical Empyrean diffractom-
eter, Netherlands, Cu–Kα radiation source, λ = 1.54187 Å, 45 kV and 40 
mA). Results were analysed using HighScore Plus software, and the PDF- 
4 database [34]. 

3. Results and discussion 

3.1. Foaming mixture behaviour during heating 

Expansion behaviour of water glass (WG)-containing foaming mix-
tures can be significantly altered by the presence of carbon dioxide 
during their processing. Fig. 1 shows the expansion behaviour of the 
foaming mixtures compacts during heating. Additional figure, showing 
the recalculated volume change can be seen in Supplementary Infor-
mation (Fig. S2). Heating of the samples up to ~500 ◦C does not result in 
any significant deviation from their initial dimensions. Above ~550◦C, 
the expansion/sintering behaviour of the samples starts to differ (Fig. 1). 
Only the Fresh-CO2-stored sample exhibits a significant shrinkage with Ts 
at 560 ◦C. At the same temperature, the other three samples already start 
to expand, whereas they exhibit a two-stage expansion with a smaller 
initial step, followed by a more intensive expansion. The two-stage 
expansion is most probably observed due to the overlap of the sinter-
ing and gas evolution. Fresh, Dried and Dried-CO2-stored samples exhibit 
a similar expansion slope. These samples undergo minimal shrinkage 
above 500 ◦C, start expanding at ~575◦C and begin to collapse at 
~790 ◦C. Fresh-CO2-stored sample, on the other hand, shrinks signifi-
cantly more and starts expanding at ~640 ◦C (i.e. at 130 ◦C higher than 
other samples), followed by collapse above 850◦C. The expansion 
curves, therefore, show a significant effect of the CO2 atmosphere on the 
non-dried foaming mixtures. The difference in the maximum expansion 
between the samples is apparent. The Fresh expands the most (near 375 
% of silhouette area which can be evaluated to approximately 500% 

volume increase) and Fresh-CO2-stored the least (above 150 % of 
silhouette area which can be evaluated to approximately 100% volume 
increase). The shape of the Fresh-CO2-stored sample expansion curve 
suggests that treatment of the powder with CO2 affects the evolution of 
the expansion gas or/and the sintering process, i.e., preventing the 
closing of the pores and thus enabling the evolved gas to escape which 
strongly limits the expansion. Interestingly, the sintering behaviour of 
the dried samples does not change after exposure to CO2. In these 
samples water is removed during the drying step, indicating the 
importance of water for the process. It is reported that the reaction be-
tween WG and CO2 requires the presence of water vapour [27], sug-
gesting that carbonate-forming reactions could be the reason for the 
changed expansion behaviour. 

Heating of the foaming mixtures results in several mass loss regions 
accompanied by signals for H2O and/or CO2 (Fig. 2). The total mass loss 
of the dried mixtures (Fig. 2b) is significantly smaller in comparison to 
fresh ones (Fig. 2a). Both dried mixtures behave similarly in terms of 
mass loss and gas evolution (Fig. 2b, d, f) which matches with their 
similar expansion behaviour observed by HSM analysis (Fig. 1). Gas 
evolution suggests two mass loss regions, with CO2/H2O being evolved 
at low-temperature (< 500◦C) and CO2 at high-temperature (> 500 ◦C). 
The difference in mass loss between the dried mixtures can be observed 
at low temperatures where the Dried-CO2-stored mixture exhibits an 
additional mass loss < 200 ◦C accompanied by a signal for CO2. On the 
other hand, both fresh mixtures exhibit a more pronounced low- 
temperature mass loss due to the evaporation of less strongly bonded 
molecular H2O [21]. Fresh mixture initially exhibits an intense mass loss 
due to the evolution of H2O which, at ~ 200 ◦C, starts overlapping with 
the CO2 desorption. With higher temperatures (~600◦C) an additional 
mass loss and CO2 signal can be detected, similar to the dried samples. 
The total mass loss of the Fresh powder is slightly lower than theoreti-
cally expected (~ 5.8 wt.% instead of ~ 9.6 wt%), which can be related 
to the non-intentional drying of the mixture during the homogenization 
of the mixture in an agate mortar. The first mass loss of the Fresh--
CO2-stored mixture is accompanied by a less intense H2O and more 
intense CO2 signal in comparison to the Fresh mixture (Fig. 2a and e). 
The second mass loss (above 500 ◦C, 2.1 wt%) of the Fresh-CO2-stored 
mixture significantly differs from all other mixtures, which in this range 
exhibit a similar response regarding the shape of the CO2 signal and 
mass loss amount (0.22, 0.34 and 0.38 wt% for the Fresh, Dried and 
Dried-CO2-stored mixture, respectively). CO2 signal for the Fresh-CO2--
stored starts decreasing at ~720 ◦C and becomes negligible >760 ◦C. The 
presence of the gas signal at this stage above 760◦C indicates that some 
of the pores are still open, despite the sample already being in the 
expansion stage (> ~ 650◦C, Fig. 1b). This could explain a lesser 
expansion of the Fresh-CO2-stored in comparison to other foaming mix-
tures. Above 800◦C there is no apparent mass loss for any of the foaming 
mixtures, however, sharp CO2 signals can be detected in all cases except 
for the Fresh-CO2-stored mixture (Fig. 2e and f). These signals appear in 
the foam-collapse temperature region where the pores start to burst, 
releasing the gas instantly, resulting in a distinct shape of the signal. 
Note, that no sharp signals are detected in the high-temperature range 
for H2O. 

Detection of CO2 at relatively high temperatures (above 600◦C, 
Fig. 2e and f) suggests that carbon is incorporated in all of the foaming 
mixtures with stronger interactions than only physical adsorption of 
CO2. It is known that WG reacts with CO2 [27] and the reaction prod-
ucts, i.e. carbonates, could be the source of CO2, which evolves in the 
softened glass and considerably contributes to the expansion of the 
foam. 

To further inspect when the carbonate forming reaction occurs 
additional TG/MS analysis of the raw initial components was done 
(Fig. 3). Milled CRT panel glass releases a small amount of CO2 between 
400 and 550 ◦C (as in [35]), while WG does not. Note, that the ion 
current signal scale in Fig. 3 is ten times smaller than in Fig. 2. Milled 
CRT panel glass powder compact expands negligibly during heating [3, 

Fig. 1. Silhouette area of the Fresh, Dried and CO2-stored samples during 
heating (above), with a closer view of the sintering stage (below). 
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36]. Sole components of the foaming mixtures, therefore, do not release 
sufficiently enough CO2 at high temperatures (CRT and WG in Fig. 3b), 
which means that a CO2-producing component is formed during the 
processing of the foaming mixture, i.e. mixing of the glass powder and 
WG. This is experimentally demonstrated with the following case. If WG 
is dried (200 ◦C, 3 h) before the TG/MS analysis, it starts to exhibit a 
distinct mass loss and CO2 signal in the 600‒700 ◦C temperature range 
(dried WG in Fig. 3). Temperature range and the shape of the signal are 
similar to the result from the foaming mixtures (Fig. 2a, > 600 ◦C). Both 
actions, drying of WG or admixing it to CRT panel glass, result in a 
similar evolution of CO2. An important parameter is the surface area of 
the WG which is increased during mixture homogenization and thus 
promotes the carbonate-forming reaction. TG/MS results thus suggest 
that the reaction between WG and CO2 from the air is decisive for 
achieving the expansion during the foaming process. 

Exposing a fresh foaming mixture to a pure CO2 atmosphere de-
creases its expansion as seen in Fig. 1. Pronounced evolution of CO2 at 
500-700 ◦C from the Fresh-CO2-stored mixture suggests that its carbonate 
content is higher in comparison to other compositions, while it was 
shown before that exaggerated carbonate content leads to smaller 
expansion [29,37]. Several mechanisms occurring in such a case lead to 

a smaller foaming effect, the reaction between WG and CO2 produces 
precipitated SiO2 [27] suppressing the materials’ ability to sinter, while 
the increased gas evolution rate breaks the pore walls making the ma-
terial open porous. Such behaviour follows the results from the in-
vestigations on the sand‒WG mixtures for foundry cores [26,31]. It was 
shown that exposing the sand‒WG mixture to pure CO2 for a short 
period inhibits the sintering [31]. Inhibited sintering behaviour in the 
case of the direct foaming process leads to higher content of open pores, 
allowing more gas to escape, which decreases the foam expansion. 

The exposure of the foaming mixtures to CO2 gas affects only the 
fresh powders. The dried powders behave very similarly during the 
foaming process, regardless of the storage atmosphere. Such behaviour 
is related to the peculiarities of the CO2 reaction with soluble silicates, 
where water acts as a catalyst [27,38]. Some investigations on the 
efflorescence of soluble silicates suggest that the reaction can proceed 
only in the presence of water [27,39]. Drying could therefore be 
perceived as a practical way of stabilizing the foaming mixtures, i.e. 
making them less susceptible to the atmospheric effects. 

Fig. 2. Mass loss (a, b) and simultaneously detected ionic current signals corresponding to H2O (c, d) and CO2 (e, f) for the Fresh and Fresh-CO2-stored (a, c, e) and 
Dried and Dried-CO2-stored samples (b, d, f). Ion Current signals are shifted for better clarity. 
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3.2. Structural changes during heating 

XRD analysis of foaming mixtures and foamed glass samples reveals 
that a small amount of hydrous silicate and carbonate crystal phases 
(best coinciding with PDF 00-003-0433 and 00-008-0448, respectively) 
is present within the starting foaming mixtures (Fig. 4a). Heating of the 
mixtures results in a transformation of carbonate species, their eventual 
decomposition and final formation of crystalline phase of calcium sili-
cate (PDF 01-077-0420). The content of the crystal phase becomes more 
pronounced when the foaming mixture is stored in a CO2 atmosphere 
(Fig. 4b). Higher content of crystal phases, in this case, suggests that 
higher partial pressure of CO2 allows for the reaction of carbonate for-
mation to proceed further. However, a comparison between the 
diffraction spectra at 500 ◦C (Fig. 4a and b, curves labelled 500 ◦C) re-
veals that at this stage the samples still contain different amounts of 
crystalline phase, which can significantly affect the foam stability and 
the expansion dynamics. Higher content of crystalline phase in the Fresh- 
CO2-stored sample can be related to significantly different gas evolution 
and expansion behaviour in comparison to other samples. Even at 
900 ◦C, the intensity of the peaks in Fresh-CO2-stored sample is visibly 
higher in comparison to Fresh sample. 

Further analysis was performed on the foam samples from different 
stages of heating using FTIR (Fig. 5). The peaks with maxima at ~ 1000 
cm‒1 and 750 cm‒1 correspond to the vibrations of the silicate network. 
These peaks do not vary significantly with the temperature and can serve 
as a reference point for the changes in each curve. The signals at 
2250–3800 cm‒1 and ~1650 cm‒1 indicate the presence of OH− groups 
and water, respectively [21]. A significant decrease of intensity in this 
range happens as the powders reach 500 ◦C. The intensity of the ~3600 
cm-1 peak stops decreasing at 700 ◦C, indicating that H2O is still evap-
orating even > 600 ◦C. The peaks at ~1450 cm-1 can be attributed to the 
presence of carbonates [40] and are accompanied by a less intense 
shoulder at ~1400 cm-1. Such a narrow split (1400‒1450 cm− 1) in-
dicates that CO3

2− group is nearly undistorted from ideal trigonal sym-
metry which is characteristic for crystalline carbonates [40]. In contrast, 
splitting of the 1450 cm-1 peak can be observed for the Fresh-CO2-stored 
mixture, suggesting more varied interactions of CO3

2− with the matrix 
material or less crystalline nature. Additional peaks around 1650 cm‒1 

for the Fresh-CO2-stored sample at room temperature (Fig. 5b) can be 
attributed to the presence of water. The shape of the ~1450 cm‒1 peak 
changes for both samples when the mixture is heated to 500 ◦C indi-
cating the transformation of carbonate species, agreeing with the XRD 

Fig. 3. (a) Mass loss and simultaneously detected (b) ion current for (m/z 44, 
CO2) from the TG/MS analysis of the raw components. Fig. 4. XRD patterns of the Fresh (a) and Fresh-CO2-stored (b) foaming mixtures 

treated at 500 or 900◦C. 
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results (Fig. 4). Additionally, the intensity of the peaks at ~1450 cm‒1 

starts to decrease above 600◦C, suggesting that carbonate decomposi-
tion is taking place which correlates with the results from the TG/MS 
analysis (Fig. 2). 

Structural changes offer an additional explanation for the sample 
behaviour during the heating. It is apparent that Fresh sample, contains 
detectable amounts of carbonate crystalline phase, which explains the 
evolution of CO2 during the heating. The same is true for the Fresh-CO2- 
stored sample whereas its much different gas evolution profile and hin-
dered expansion behaviour can be attributed to the formation of addi-
tional carbonate phases. 

3.3. Pore gas composition 

Results of the analysis of the pore gas using gas chromatography (GC) 
on the foamed glass samples prepared from the Fresh and Dried foaming 
mixtures, treated at 800 ◦C, indicate a predominant presence of CO2. The 
results also show that the samples do not contain any traceable amounts 
of CO. Small amounts of O2 and N2 were detected in the case of several 
samples. Since the foaming process is implemented in an air atmosphere 
and the sample expansion is relatively low, air (N2/O2 mixture) may 
remain trapped within the sintered body which could theoretically 
result in the pore gas containing a maximum of 10‒15 % N2 and O2 
gases. However, it is expected that the majority of the air atmosphere 

within the sample is displaced during heating due to the evolution of 
CO2/H2O (Fig. 2), and it is assumed that the N2/O2 signal appears due to 
the measurement issues (contamination during crushing of the sample in 
the cylinder). Since H2O is not possible to detect with a gas- 
chromatograph, an additional analysis was performed using the Ultra-
portable Greenhouse Gas Analyser instrument allowing also the detec-
tion of potentially present H2O (Fig. 6). Here, an apparent signal for CO2 
can be seen at the time of the injection while the H2O content remains 
unchanged, providing additional evidence for the CO2-dominated 
expansion. 

3.4. Foamed glass sample properties 

The characteristics of the foamed glass samples confirm the conclu-
sions made from the TG/MS and HSM analyses: atmosphere and/or 
drying step critically affect the process of foaming. After the processing 
of the mixtures, the samples were foamed at 800 ◦C, their appearance 
and expansion values are presented in Fig. 7 and Table 2, respectively. 
Prolonged exposure of the foaming mixture to the air or CO2 atmosphere 
before the heat treatment results in decreased expansion and less- 
homogeneous pore size, with a more pronounced effect in the case of 
CO2. The reaction proceeds relatively quickly in both atmospheres since 
there is no significant difference between the samples stored for 1 day or 
1 week, which could be related to the elimination of the water from the 
sample. Especially, since the dried foaming mixtures, unexposed or 
exposed to the CO2 atmosphere, produce visually similar foams (Fig. 7, 
bottom row) with relatively constant expansion values (Table 2). 

Storing of the foaming mixture in a CO2-containing atmosphere in 
combination with moisture therefore detrimentally affects the foam 
characteristics. It was shown that higher partial pressure of water aids 
the sintering process of glass powders [24] by decreasing the materials’ 
characteristic temperatures. A comparison between the Fresh and Dried 
samples (Fig. 7a and b, respectively) suggests that this effect could also 
promote the coalescence of pores. A higher degree of coalescence typi-
cally results in a decreased number of pores and larger pores with 
irregular shapes [41]. The difference in the pore size distribution be-
tween the samples is apparent (see Supplementary Information, Fig. S4). 

For achieving optimal thermal and mechanical properties of foamed 
glass it is desirable to obtain high expansion values while maintaining a 
stable porous structure. The use of Fresh composition allows the highest 
expansion values with the downside of larger pores with less regular 

Fig. 5. FTIR spectra of a) Fresh and b) Fresh-CO2-stored samples from different 
stages of heat treatment (labels in◦C). Wider bands at ~3600 and 2600 cm-1 

denote Si(OH) stretching and bending, respectively. The dashed line at ~1450 
cm− 1 designates the presence of carbonates. 

Fig. 6. CO2 and H2O content within the He-filled closed cell after breaking the 
foamed glass sample prepared from Fresh (a and b) and Dried (c and d) foaming 
mixtures. No H2O is detected and note, that Fresh and Dried samples were not 
stored in CO2. 
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shape and sensitivity to the atmosphere. Here, the expansion and pore 
structure can be adjusted by optimizing the foaming temperature. 
However, the Fresh mixture is unstable and, if not processed immedi-
ately, the reaction with the atmosphere considerably decreases the 
maximum achievable expansion as seen in Table 2. Drying of the 
mixture decreases the maximum achievable expansion while improving 
its stability in the air atmosphere. Drying of the mixtures is therefore the 
optimal processing path concerning the obtained densities and pore 
structures, whereas the high expansion value of the Fresh mixture sug-
gests the possibility of further improvements. As other studies have 
shown [16,17,25], additional expansion can be achieved by using 
additional foaming agents in combination with water glass. 

4. Conclusions 

When foaming with the addition of water glass, the control of the 
atmosphere and its time of contact with the foaming mixture is even 
more important for the foamed glass characteristics as the foaming 
temperature and time. 

Heat treatment of CRT panel glass powder and water glass mixture 
leads to expansion and formation of a porous material. The foaming 
mixture is sensitive to the air atmosphere, as crystalline carbonate 
phases are formed during the preparation due to the reaction with the 
carbon dioxide. The observed evolution of carbon dioxide during the 
heating of the mixture and its predominant presence in the pore gas 
suggests that the decomposition of the carbonates during heating has a 
decisive effect on the expansion and formation of the porous material. 
Prolonged exposure to air atmosphere or, more pronounced, to pure 
carbon dioxide results in the formation of additional crystalline car-
bonates, significantly altering the expansion behaviour and character-
istics of the pore structure. Drying of the mixture prevents the reaction 
with the atmospheric carbon dioxide, which results in foams with more 
consistent properties. 

Most of the literature considers that the foaming of glass with the 
addition of water glass occurs due to the water evaporation. However, 
we showed that the foaming occurs due to the decomposition of the 
carbonates, the formation of which is primarily influenced by the 
exposure of the foaming mixture to carbon dioxide in the surrounding 
atmosphere. With this, we have revealed a hitherto unmentioned 
mechanism that significantly affects the course of glass foaming with the 
addition of water glass. In general, the influence of the atmosphere on 

the properties and composition of the foaming mixture is an unexplored 
parameter that allows additional control over the properties of the 
foamed product in future research and/or optimization of the foaming 
process with water glass. 
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