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A B S T R A C T

This study explores the potential of hydrothermally treated waste glass for producing foamed glass using a 
carbonaceous foaming agent (glycerol) in an air atmosphere. The objective was to assess the feasibility of this 
alternative route for producing sustainable, lightweight materials with reduced energy and material inputs by 
repurposing cathode ray tube panels (CRT), flint glass (FG), and mixed-color container glass (MCG). Investigated 
glass powders were treated in a saturated steam atmosphere inside a pressure vessel and characterized using X- 
ray diffraction and Fourier-transform spectroscopy to identify structural changes. The foaming behavior of hy
drothermally treated waste was analyzed through heating stage microscopy and thermogravimetric analysis 
coupled with mass spectrometry. The foamed glass samples were further assessed for density and thermal 
conductivity.

The results demonstrate that hydrothermal treatment significantly influences the foaming process. Glass 
powders with higher content of structurally bonded water exhibit lower sintering temperature and pronounced 
expansion after the hydrothermal treatment. A higher hydration level reduced the onset foaming temperature 
and facilitated higher expansion. Additionally, combining hydrothermally treated powders with glycerol as a 
foaming agent enabled effective expansion, even in an air atmosphere, achieving density as low as 108 kg m-3.

The results of this study suggest that hydrothermal treatment of waste glasses enables the implementation of 
carbonaceous foaming agents in the air atmosphere and could thus offer an alternative route for the foaming of 
glass.

1. Introduction

Lightweight materials in construction applications are beneficial 
from both ecological and economical perspective. Waste glass is a cheap 
and abundant raw input [1] for sustainable lightweight materials, and 
its reuse supports efforts to increase glass recycling.

Foamed glass is a highly porous material characterized by dimen
sional stability, resistance to corrosion and water, non-flammability, and 
resistance to bacteria [2]. This combination of properties is particularly 
useful for thermal insulation in construction, which is the main com
mercial application of foamed glass. Foamed glass is one of the alter
native thermal insulation materials and a promising candidate to 
become a more common sustainable material in the future, especially 
due to its longevity and possibility of being produced from waste ma
terials. The most common method for producing foamed glass, both 
commercially and scientifically studied, is the sintering process. The 

process requires use of special foaming additives and a high energy 
input. Composition-dependent properties such as viscosity, surface 
tension, and glass stability will significantly affect the foaming process. 
High-quality foamed glass panels are produced industrially by adjusting 
the glass composition through re-melting and the use of additives [3]. 
The required energy input can be reduced by avoiding the glass 
re-melting step, however, thus eliminating the ability to adjust the 
composition of the raw waste glass. Additionally, the energy efficiency 
of the process and its environmental impact can be improved even 
further with the use of water glass [4] to enable foaming in the air at
mosphere [5].

Silicate glasses are chemically inert and durable materials, which 
makes them commonly used in the packaging, construction, and auto
motive industries. However, even glasses with very high purity can 
contain traces of chemically bound water [6], which can significantly 
affect the glass properties such as glass transition temperature, 
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relaxation rate, and viscosity [7,8]. Water content within the glass 
structure can extend from a few ppb in optical fibers to several percent in 
natural glasses. The reaction between silicate glass and liquid water, 
aqueous solution, or water vapors is thus possible [9]. Water within the 
glass can exist in the form of OH- groups and molecules, the former 
normally dominating at a lower and the latter at a higher total water 
content [10]. Use of increased pressures, i.e. autoclave reactors, can lead 
to incorporation of water within a glass, even at temperatures signifi
cantly below the glass transition point, where the achievable hydration 
quantity depends on the amount of added water, temperature, pressure, 
pH, and glass composition [11]. Such glass silicates are also termed 
hydrosilicates. It is well accepted that hydrosilicates can foam when 
heated, which is commonly explained as a consequence of water evap
oration. Several studies have reported this phenomenon in hydrother
mally treated hot-pressed glass [12–16] or hydrothermally treated glass 
[17]. It was recently shown that water glass can be used as a protective 
additive, enabling the use of carbonaceous foaming additive in the air 
atmosphere. Furthermore, it was also shown that newly-formed car
bonate phases act as co-foaming agents, further stimulating the foaming 
action [18].

This investigation aims to evaluate the suitability of hydrothermally 
treated waste glass for the preparation of foamed glass, using a carbo
naceous foaming agent, i.e. glycerol, in the air atmosphere. Use of 
glycerol in glass foaming requires an addition of a protective agent due 
to volatilization and burning of glycerol. Water glass was investigated in 
this regard and it was shown that initial solidification due to the addition 
of water glass partially prevents the volatilization of glycerol [19]. This 
allows for the incomplete decomposition of glycerol and formation of 
pyrolytic carbon which can interact with the softened glass phase at 
elevated temperatures to form CO and CO2 [20]. The first part of this 
research focuses on foaming behavior of three types of waste glasses 
after being subjected to hydrothermal treatment. In the second part we 
focus on the ability of hydrated glass powders in enabling the effective 
use of glycerol as a glass foaming additive in the air atmosphere. Suc
cessful implementation of such processing route presents a potential for 
not only decreasing the required processing temperature but also elim
inating the requirement for the addition of water glass.

2. Methodology

The chemical composition of the investigated waste cathode ray tube 
panels, flint and mixed color container glass (henceforth referred to as 
CRT, FG and MCG, respectively) is shown in Table 1. For preparing 
hydrous silicates, the received powders were mixed with distilled water, 
sealed in a pressure vessel (acid digestion vessel, with a 125 ml 
removable PTFE cup, Parr) and heated to 200 ◦C where they were kept 
for 12 h. Glass–water mixtures sealed in the pressure vessel contained 
either 10 or 30 wt% of distilled water. The hydrothermally treated 
glasses are further referred to as X_H10 or X_H30, X being one of the 
three examined waste glass powders (CRT, FG or MCG). Note that the 
X_H10 and X_H30 labels refer to the amount of water used in sample 
preparation, not the actual amount incorporated into the glass structure 
during hydrothermal processing.

After the hydrothermal treatment, the samples became partially 
densified and therefore required additional processing. They were dried 
at 80 ◦C and crushed in a vibratory mill for 10 s. The milling conditions 
were kept constant to obtain powders with similar particle sizes as the 
particle size has a distinct effect on the foaming process [21]. The 
expansion behavior of the hydrated powders was analyzed using heating 
stage microscopy (HSM, EM201x, Hesse instruments). Approximately 
25 mg of foaming mixture powder was manually compacted in a steel 
die with a diameter of 3 mm, placed onto an alumina holder, and heated 
to 1000 ◦C at 5 ◦C min-1. The obtained images were analyzed and pro
cessed to calculate the volume of the sample via its rotational symmetry 
(details in Supplementary Materials). A similar amount (20-25 mg) of 
compressed foaming mixture was used also for thermogravimetry 
coupled with mass spectrometry (TG-MS, NETZCH STA 499 C/6/G 
Jupiterm 403 C Aëoloss QMS 403) to follow the mass changes and gas 
evolution during the heating. The structural changes in the samples after 
hydration were analyzed using X-ray diffractometry (XRD, Malvern 
PANalytical Empyrean diffractometer, Cu-Kα radiation source, l =
1.54817 Å, 45 kV and 40 mA). PDF-5 database was used to analyze the 
data obtained from the XRD measurements via HighScore Plus software. 
For the FTIR analysis in DRIFT mode (PerkinElmer Spectrum 100, 
500—4000 cm-1 range, spectral resolution of 4 cm-1) the samples were 

Table 1 
Chemical composition of the used waste glasses, expressed in wt%.

Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 SrO ZrO2 BaO

CRT 7.7 0.3 2.4 61.0 7.1 0.8 0.2 7.8 1.5 9.7
FG 13.5 1.7 1.5 72.4 0.6 9.7 0.1 0.03 0.02 0.14
MCG 13.7 1.8 1.7 71.5 0.6 9.7 0.4 0.02 0.02 0.07

Fig. 1. X-ray diffraction data of CRT_H30, MCG_H30 and FG_H30 glass powders (a) before and (b) after the heat treatment at 800 ◦C.
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mixed with potassium bromide in a 1:100 ratio (sample:KBr). XRD and 
FTIR analysis was implemented before and after the hydrothermal 
treatment to detect the structural changes in the glass powders.

Foam samples were prepared by compacting the hydrothermally 
treated powders (~1 g) in a stainless-steel mold (ϕ12) with 30 MPa and 
heat-treating them for 5 min in the air atmosphere. Foamed glass sam
ples were prepared at Tfoam where the majority of the shrinkage or 
expansion behavior was observed, i.e. at 600, 700, 800, and 900 ◦C 
(with 5 ◦C/min). After, the samples were rapidly cooled to 550 ◦C from 
where they were slowly cooled down to room temperature. The 
apparent density of the foamed glass samples was determined by 
Archimedes principle (in deionized water), and their pycnometric den
sity was measured with a helium gas pycnometer (He, Ultrapyc 5000 
Foam).

In the first part of the investigation, the foaming behavior of hy
drated glass powders was investigated with respect to their composition 
and hydration amount. In the second part, the effect of particle size was 
investigated by additionally milling the hydrothermally treated powders 
for various times (5, 20, or 60 min) in a planetary ball mill (PM 200, 
Retsch) and manually mixing them with glycerol (1.2 wt%). Industrial- 
grade glycerol with purity >99 % was used. Note, that glycerol addition 
was always performed after the milling.

3. Results and discussion

3.1. Characterization of hydrothermally treated CRT, MCG and FG 
powders

After the hydrothermal treatment, the initially amorphous glass 
powders became partially crystalline (Fig. 1a). Following heat treatment 
at 800 ◦C, all powders reverted to an amorphous state (Fig. 1b), indi
cating that the majority of the crystalline phases present in the hydro
thermally treated samples are not stable at elevated temperatures. The 
crystalline phases identified in the case of CRT_H30 powder best coin
cide with diffraction data for Sr- and Ba-based (bi)carbonates. The 
FG_H30 and MCG_H30 signals are very similar, best matching references 

for the silicate alkali carbonate hydrates, magnesium/aluminum sili
cate, and zeolite mordenite. However, due to the complex pattern of the 
multiple phases and/or low peak intensities, it is not possible to confirm 
the presence of all phases. Few other investigations on hydrothermal 
treatment of similar waste glasses do report on the formation of zeolites 
[17,22]. All crystalline phase signals disappear after the heating to 800 
◦C, which benefits foaming efficiency since crystallization usually has a 
negative influence on the foaming process [23].

All hydrothermally treated powders contain OH- and CO3
2- groups 

(Fig. 2a and c), which disappear after the heat treatment at 800 ◦C 
(Fig. 2b and d). The distinct peaks at ~1640 cm-1 and ~1465 cm-1 are 
related to H2O bending [24] and CO3

2- groups, respectively [25]. The 
powders also exhibit a strong signal at ~3600 cm-1 (Fig. 2a and c) 
related to OH stretching of a SiOH active group [24]. This signal con
tinues into a wide band (3500–2200 cm-1), without distinct peaks, 
related to the OH- stretching modes of H2O active groups, indicating the 
presence of H2O in various interactions with the glass network [26]. A 
wide signal at ~1000 cm-1 and a narrower signal at ~780 cm-1 are 
related to stretching within the glass network tetrahedra and bridge 
stretching between the tetrahedra, respectively [27,28]. Additionally, 
two less intense signals appear at ~680 and ~600 cm-1 for the X_H30 
glass powders (Fig. 2c). While the 780 cm− 1 signal is present for all the 
glasses, only FG_H30 and MCG_H30 exhibit more pronounced signals at 
680 and 600 cm-1, indicating their similarity. These two peaks could 
likely indicate the presence of similar crystalline phases in FG and MCG 
glasses after the hydrothermal treatment. After the heat treatment, the 
OH-, H2O, and carbonate-related signals disappear, consistently with the 
XRD results, while the relative intensity of the signals, belonging to the 
glass network, increases (Fig. 2b and d).

The analysis of the structure indicates that hydrothermally treated 
glass powders contain carbonates, which are well-known additives in 
the field of glass foaming. However, in contrast to adding carbonates to 
the foaming mixture, when foaming with hydrous silicates the carbon
ates form only when the moist powder comes into contact with the air 
atmosphere. The degree to which the reaction between the CO2 from the 
air and hydrous silicate can proceed detrimentally affects the 

Fig. 2. FTIR of hydrothermally treated glass powders: a) 10 wt% of water, b) 10 wt% of water after treatment at 800 ◦C, c) 30 wt% of water, and d) 30 wt% of water 
after treatment at 800 ◦C.
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mechanism of the foaming process as shown in the case of foaming with 
water glass [18]. The results above suggest that a similar foaming 
mechanism is in play when hydrothermally treated glass powders are 
implemented in glass foaming. Furthermore, according to the kinetics 
described in [29], the temperature of the carbonate decomposition can 
be modified by the milling time, consequently affecting the properties of 
the obtained foamed glasses. The CRT_H10 sample was thus additionally 
milled for 15 or 120 min at 250 rpm with the aim of achieving three 
significantly different particle size distributions. The dependence of the 
CRT_H10 on milling time is shown in Fig. 3, showing an initial increase 
and then a decrease in the sample volume with milling time. Samples 
prepared from additionally milled mixtures were foamed at 800 ◦C and 
are shown in Fig. 3. Note that some discrepancy in volume can occur 
between the heating stage microscopy results (25 mg samples) and 
foamed glass samples (1 g samples) due to the difference in sample size 
and contraction during the cooling of the 1 g samples. An optimum 
milling time thus exists and depends on the relation between the car
bonate decomposition kinetics and the sintering behavior of the glass 
powder [29].

3.2. Expansion behavior of the hydrothermally treated CRT, MCG and FG 
powders

The behavior of the X_H10 and X_H30 glass powders during heating 
was investigated using the heating stage microscope and TG/MS. Hy
drothermal treatment clearly affects heating behavior, as untreated 
powders (CRT, MCG, FG) show no significant expansion (Fig. 4). Among 
the raw glass powders, CRT glass exhibits the lowest sintering temper
ature (Tsint) which is likely the reason why also CRT_H10 and CRT_H30 
exhibit lower foaming temperatures (Tfoam) in comparison to MCG and 
FG glass powders. Additionally, CRT_H10 and CRT_H30 also achieve 
higher maximum expansion values (Fig. 4 and Table 2). The expansion 
stage of MCG_H10 and FG_H10 begins at a similar temperature, but 
FG_H10 expands less. Higher water content clearly affects the behavior 
of all powders during the heat treatment since the X_H30 samples, which 
theoretically contain 30 wt% of H2O, exhibit smaller shrinkage and 
larger expansion in comparison to X_H10 samples (Fig. 4 and Table 2). 
However, the degree to which the hydrothermal treatment affects the 
behavior of glass powders during heating differs between the different 
powders. The increase in expansion is most pronounced for the CRT 
glass, while it is comparable for the MCG and FG glass powders. The 
decrease in characteristic temperatures with a higher water content is in 
accordance with the effect of structurally bound water and increased 
partial pressure of water on the viscosity and sintering behavior of glass 
powders [30,31].

For the 10 wt% hydrated samples, TG/MS shows distinct mass loss 
below the sintering temperature, accompanied by strong H2O release 
(Fig. 5). The measured mass losses were 9.3, 7.9, and 6.6 wt% for 
CRT_H10, FG_H10, and MCG_H10, respectively, which are slightly lower 
than the theoretical 10 wt% due to partial evaporation before analysis. 
Water release continues up to ~600 ◦C, resembling behavior reported 
for glass-water glass mixtures [5,18]. In addition, a second signal 

Fig. 3. Heating stage microscopy of the CRT_H10 powder samples (25 mg) 
milled for varying times and corresponding samples (1 g) with labelled volu
metric expansion for foaming mixture treated at 800 ◦C.

Fig. 4. Sintering and expansion behavior of raw and hydrothermally treated a) CRT, b) MCG, and c) FG powders. The suffix “_HX” denotes the theoretical wt% (X) of 
water within the powder.

Table 2 
Sintering temperature (Tsint), foaming temperature (Tfoam), collapse temperature 
(Tcollapse), and maximum volume (Vmax) of the raw and hydrothermally treated 
CRT, MCG, and FG glasses.

Tsint [ ◦C] Tfoam [ ◦C] Tcollapse [ ◦C] Vmax

CRT Raw 600 / / 100
​ H10 616 675 836 319
​ H30 / 595 795 587
MCG Raw 639 / / 100
​ H10 646 705 905 247
​ H30 / 655 935 281
FG Raw 642 / / 100
​ H10 662 725 905 160
​ H30 / 660 955 215
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appears at ~550-600 ◦C, marking CO2 evolution from carbonate 
decomposition. This indicates the presence of carbonate phases formed 
by the reaction between hydrated silica and atmospheric CO2, in 
agreement with the XRD and FTIR results (Fig. 1 and Fig. 2). The onset of 
decomposition occurs at ~550 ◦C for CRT_H10 (Fig. 5a) and slightly 
higher (~600 ◦C) for FG_H10 and MCG_H10 (Fig. 5b and c), reflecting 
differences in glass composition and carbonate stability [32]. At tem
peratures > 800 ◦C, sharper and more intense CO2 signals emerge, 
corresponding to the rupture of large pores and the rapid release of 
trapped gases.

For the samples hydrated with 30 wt% of water, mass losses of 15.9, 

16.1, and 16.5 wt% were recorded (Fig. 6) for CRT_H30, FG_H30, and 
MCG_H30, respectively, which is significantly lower than the theoretical 
value of 30 wt%. This confirms that only part of the added water is 
structurally incorporated, while the rest condenses on the surface of the 
powders and easily evaporates during drying or early heating. As in the 
X_H10 samples, H2O release extends up to ~600 ◦C, whereas in the case 
of FG_H30 and MCG_H30 the water release is less continuous, consistent 
with the formation of hydrated crystalline phases (Fig. 1a). CO2 evolu
tion occurs in the case of X_H30 samples as well, but at lower intensity 
than in the X_H10 series. This suggests that higher water content shifts 
the sintering stage to lower temperatures, enhancing the gas 
entrapment.

A further look into the evolution of CO2 can clarify the expansion 
behavior of the hydrothermally treated glass powders. CRT_H10 exhibits 
two wide peaks for CO2 gas signal in the range of 500–800 ◦C, while for 
the CRT_H30 only the lower-temperature peak can be observed (Fig. 7). 
This change can be attributed to the effect of a higher H2O content on the 
shift of the sintering stage to lower temperatures (shaded area in Fig. 7). 
Consequently, due to the shift of the sintering stage to lower tempera
tures, more CO2 gas, which evolves with the carbonate decomposition, 
can become entrapped in the material. Therefore, the second CO2 peak, 
observed in the case of the CRT_H10 sample, cannot be seen in the case 
of the CRT_H30 composition. The shift of the sintering stage to the lower 
temperatures can also explain the absence of CO2 peaks in the 500–800 
◦C range for the FG_H30 and MCG_H30 compositions, while the peaks 
are present for their counterparts with less water, i.e. FG_H10 and 
MCG_H10 (Fig. 7). Foam collapse is indicated by sharp CO2 peaks, 
caused by the breaking of the surface pores. These peaks do not appear 
within the region where the sample is stable and expanding (the marked 
shaded area in Fig. 7). Note, that sharp CO2 peaks do not appear for the 
FG_H30 sample which could be due to its good stability at high tem
peratures (Fig. 4), meaning that a higher temperature would be needed 
for the collapse of the foam and appearance of the peaks.

Hydrothermally treated waste glass powders were treated in a 

Fig. 5. Mass loss and evolved gas signals for the a) CRT_H10, b) FG_H10, and c) MCG_H10 powders during the heat treatment.

Fig. 6. Mass loss and evolved gas signals for the a) CRT_H30, b) FG_H30, and c) MCG_H30 powders during the heat treatment.

Fig. 7. Comparison of the MS data for CO2 of all the samples (from Fig. 5 and 
Fig. 6) with the stable foaming range marked for each specific composition 
(from Fig. 4).
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vibration mill for 10 s, shaped into 1 g pellets, and then foamed for 5 min 
at various foaming temperatures (Fig. 8). As shown in Fig. 8, foams 
prepared from the powders with a higher content of water (X_H30) 
exhibit larger difference between their mass before and after the heat 
treatment (mass loss, Δm) in comparison to the powders with a lower 
content of water (X_H10). The effect of the foaming temperature (Tfoam) 
on the Δm is small. All the X_H10 samples exhibit fairly similar Δm of 
6–10 wt%, while the X_H30 samples exhibit more variability (18–25 wt 
%) in Δm with respect to the glass type. Additionally, the Δm of the 
X_H30 samples is significantly smaller than the actual amount of added 

H2O during the hydrothermal treatment of glass powders, i.e. 30 wt%. 
Both observations are related to the ability of a specific glass composi
tion to form hydrosilicates. A higher content of incorporated water, 
whether in molecular- or SiOH-form, is expected in the case of FG and 
MCG glasses since water dissolution in glass increases with the content 
of alkalis, while alkaline earth ions inhibit the formation of hydro
silicates [9]. Note, that while CRT glass does contain 
hydration-promoting Na and K it also contains high content of inhibiting 
alkaline earths (Ba and Sr). As observed with HSM (Fig. 4), CRT-based 
samples start to expand at the lowest temperature and exhibit the 
most pronounced volume change (ΔV = 1-Vafter/Vbefore in Fig. 8). 
FG-based samples on the other hand exhibit the lowest ΔV. Both, 
CRT_H10 and CRT_H30 reach a similar maximum ΔV in Fig. 8, in 
contrast to observations with HSM (Fig. 4).

All of the hydrothermally treated glass powders form a porous 
structure when heat-treated. Foaming of hydrothermally treated glass 
powders begins below 750 ◦C, and shifts to even lower temperatures 
with increasing water content. In all glass powders, water release is 
observed upon heating, while at higher temperature CO2 evolution is 
also detected. The sharp CO2 signals at elevated temperatures indicate 
its role in the foaming process. Based on these results, we propose that 
the main foaming mechanism is related to the formation of carbonates 
on the surface of hydrated particles. Furthermore, incorporation of 
water into the glass structure affects its thermomechanical properties by 
lowering both viscosity and characteristic transition temperatures. The 
combination of both effects causes part of the carbonate decomposition 
to occur only after the material structure has already closed. The 
decomposition products (CO2) are then trapped within the sintered 
matrix and subsequently act as the driving force for foaming. The 
foaming mechanism of hydrothermally treated glass is therefore very 
similar to that of a mixture of glass and water glass [18]. 800 ◦C appears 
to be in the vicinity of the optimal Tfoam for the FG_HX and MCG_HX 
powders, where the samples expand the most. For the CRT_HX powders, 
800 ◦C already appears to be slightly above their optimal Tfoam. All 
further experiments, testing the applicability of hydrothermally treated 
glass powders for foaming with glycerol in the air atmosphere, were 
implemented at 800 ◦C for better comparability between the 
compositions.

3.3. Effect of additives on foaming with hydrothermally treated glass 
powders

Glass foaming with carbonaceous foaming additives can be achieved 
in air if the carbon is protected from premature burning, e.g. with water 
glass [5]. Here we investigated whether a similar outcome can be ach
ieved with the use of hydrothermally treated glass powder in combi
nation with glycerol. For this purpose, we added 1.2 wt% of glycerol to 
the hydrated glass. Additionally, we inspected the influence of the 
particle size on the process dynamics and maximum achieved expansion 
(Fig. 9).

Additional milling of hydrothermally treated FG and MCG glasses 
significantly improves their expansion during heating (Fig. 10). 
Reducing the mean particle size decreased the apparent density from >
600 kg m-3 for MCG and FG, to < 200 kg m-3. The density of CRT_H30 
shows little dependence on particle, likely because 800 ◦C is above its 
optimal Tfoam (Table 2), and further milling might shift the expansion 
and collapse stages to even lower temperatures. A decrease of the par
ticle size thus not only result in a downward shift of the Tsint and Tfoam, 
but also in a downward shift of Tcollapse, for the CRT_H30 sample.

The structure analysis indicates that hydrothermally treated glass 
powders contain carbonates (Fig. 1 and Fig. 2). According to the car
bonate decomposition kinetics and their effect on glass foaming [29], 
the temperature of the decomposition can be modified by the milling 
time, consequently affecting the properties of the obtained foamed 
glasses. It was shown that an optimum milling time, which results in 
maximum possible expansion, exists.

Fig. 8. a) Mass loss – Δm, b) apparent density – ρapp, c) and calculated volu
metric expansion – ΔV– for the foam samples prepared from hydrothermally 
treated glass powders after the vibration mill (10 s).
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The effect of improved expansion as a consequence of additional 
milling is also observed if foaming mixtures contain glycerol (Fig. 11). 
Furthermore, addition of glycerol to hydrosilicates results in foams with 
significantly lower density. Interestingly, the color of the glycerol- 
containing samples changes with milling time, i.e. with decreasing 
particle size. The change in the sample color with increasing milling 
time thus suggests that a higher content of carbon becomes trapped 
within the material which could be a consequence of decreasing Tsint. 
Darkening of the sample color was already observed in the research of 
glass foaming [19,33] and was attributed to higher content of unburned 
carbon from the glycerol. Addition of glycerol and adjustment of particle 
size distribution results in highly porous samples, most noticeable for 
FG_H30 and MCG_H30 powders, which is a desired feature in thermal 
insulation materials.

To further evaluate the compositions that have demonstrated 

promising properties, we prepared larger samples which will serve as an 
initial assessment of the materials’ practical applicability as a thermal 
insulation material and the rationale for pursuing further investigations. 
Glycerol-containing mixtures of MCG_H30 and FG_H30, milled for 60 
min, were chosen for this purpose. The powder processing and thermal 
treatment (800 ◦C) were kept identical with the exception of the holding 
time, which was prolonged to 20 min. The appearance of the larger 
samples, their crystallinity, and pore size distribution are shown in 
Fig. 12. An apparent density (ρapp) of 190 and 175 kg m-3 was achieved 
for MCG_H30 and FG_H30 samples, respectively. Such ρapp of large 
samples is higher than the ρapp of the corresponding smaller samples 
(Fig. 10) which can be attributed to the higher content of crystalline 
phases (Fig. 12b). Both samples are more crystalline than corresponding 
hydrosilicates after the heat treatment, with quartz, cristobalite and 
sodium/calcium silicate as the main phases (PDF codes 01-083-0539, 

Fig. 9. Particle size distribution of the investigated glass types for no additional milling and after additional milling for 60 min in a planetary ball mill. The mean 
particle size is labelled next to each distribution curve.

Fig. 10. Apparent density of the foamed glass samples obtained from hydrothermally treated CRT, MCG, and FG glass powders, foamed at 800 ◦C.
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01-089-3607 and 00-023-0671 respectively). Crystallization of the 
samples in Fig. 12 is very likely related to additional milling and pro
longed foaming time, since hydrothermally treated FG and MCG pow
ders from do Fig. 1b not exhibit significant crystallization peaks. The 
FG_H30 sample exhibits larger pores (Fig. 12c) in comparison to the 
MCG_H30 sample (median ferret diameter of 1.57 and 0.82 mm, 
respectively), which is a common trend when decreasing ρapp of the 
latter sample.

The samples were shaped into 10 cm × 10 cm × 2 cm blocks and 
tested for thermal conductivity and open porosity. Open porosity of 45 
and 9 % and thermal conductivity of 65 and 66 mW (m K)-1 were ach
ieved for the MCG_H30 and FG_H30 compositions, respectively. The 
measured thermal conductivity values are higher than those of 
commercially available foamed glass boards ([3,34]) which is most 
likely related to the observed crystalline structure. FG_H30 sample ex
hibits a significantly lower content of open pores in comparison to the 
MCG_H30 while their density and thermal conductivity are fairly 
similar. This suggests that the thermal conductivity of the trapped 
gaseous phase is not significantly different from the thermal conduc
tivity of air. The balance between CO and CO2 as well as the formation of 
H2 can significantly affect the conductivity of the gaseous phase. 

Although the thermal conductivity of the obtained samples is higher 
than desired (conventional thermal insulation materials have values 
below 50 mW (m K)-1), the low open porosity observed in the FG_H30 
composition (below 10 vol %) is a promising attribute. This indicates the 
potential for further exploration of the material’s peculiarities with 
respect to its thermal conductivity and the need for process modifica
tions to improve its insulation performance.

4. Conclusions

This study demonstrates that hydrothermally treated waste glass can 
be used for synthesis of foamed glass. A higher degree of hydration 
decreases the powder’s onset foaming temperature and promotes 
greater expansion. This effect is most pronounced in cathode ray tube 
waste glass compared to flint and mixed-color container glass, which are 
more susceptible to crystallization, thereby limiting their expansion.

The presence of carbonates, together with the shape of the expansion 
and gas-evolution curves, indicates that the foaming mechanism is 
similar to that observed in glass-water glass mixtures, suggesting that 
carbonate decomposition is the main driving force for the expansion. 
Extended milling of hydrothermally treated powders enhances the 

Fig. 11. Images of the foamed glass samples prepared at 800 ◦C (tfoam = 5 min) from hydrothermally treated glass powders a) without and b) with the addition of 
glycerol (1.2 wt%), milled in a ball mill for a labelled amount of time.

Fig. 12. a) surface appearance with an overlay of pore outlines for FG_H30 and MCG_H30 (with 1.2 wt% glycerol) samples foamed at 800 ◦C (tfoam = 20 min), b) XRD 
patterns, and c) pore size distribution.
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expansion, yielding minimum densities of 433, 186, and 191 kg m-3 for 
CRT_H30, MCG_H30, and FG_H30, respectively. When combined with 
glycerol, even lower densities were achieved—256, 137, and 108 kg m-3 

for the same glass types. Importantly, this process can be performed in 
air, highlighting hydrothermal treatment of waste glass as a promising 
alternative processing route.

Larger foams prepared from MCG_H30 and FG_H30 with glycerol 
showed significant differences from their smaller counterparts, most 
notably increased crystallinity, higher apparent densities (>175 kg m-3), 
and relatively high thermal conductivity (>65 mW m-1K-1). Future work 
should focus on understanding and mitigating crystallization during 
scale-up. Controlling this factor could lower density, improve thermal 
insulation, and expand the potential applicability of foamed glass from 
hydrothermally treated waste.
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