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Abstract

Cleaned Cathode Ray Tube (CRT) (panel and funnel) waste glasses produced from dismantling TV and PC colour kinescopes were used to
prepare glass foams by a simple and economic processing route, consisting of a direct heating of glass powders at relatively low temperatures
(600-800 °C). This study reports on the feasibility of producing glass foams using waste egg shells as an alternative calcium carbonate-based
(95 wt%) foaming agent derived from food industry. The foaming process was found to depend on a combination of composition, processing
temperature and mixture of raw materials (glass wastes). Hot stage microscopy (HSM), X-ray diffraction (XRD) and scanning electron
microscopy (SEM) were used to characterize foams and evaluate the foaming ability and the sintering process. The experimental compositions
allowed producing well sintered glass foams with suitable properties for some functional applications with environmental benefits such as:
(1) reduced energy consumption because of the low heat treatment temperatures used; and (2) materials produced exclusively from residues.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recycling has emerged as a very important environmental
issue nowadays due to the diminishing of natural resources and
the increasing amounts of industrial solid wastes generated.
Glasses are among the materials which attract great interest in
the recycling concept. Systematic community projects for
collecting and recycling the waste glasses have already been
implemented in many developed countries.

Cathode Ray Tube (CRT) glasses represent about one third
of electronics waste tonnage [1]. From the total weight of a
computer monitor or a television set about 65% corresponds to
CRT which contains hazardous and heavy elements such as
lead, cadmium or mercury, for instance [2—4]. The CRT unit is
constituted by several glass components divided into three
main typologies with different chemical compositions and
properties: (1) screen or panel (P, 65%), (2) cone or funnel
(F, 30%) and (3) neck (5%). A lead frit is used as seal junction [2].

*Corresponding author. Tel.: +351 234 370242; fax: +351 234 370204.
E-mail address: jmf@ua.pt (J.M.F. Ferreira).

In fact, cone and neck glasses contain principally lead and other
dangerous elements, while panel glass has other heavy metals
(Ba, Sr, etc.) which forbid their recycling in the glass industry for
the production of containers, domestic glassware and glass fibers.

The collected monitors are usually dismantled and treated in
order to dispose of any hazardous materials or components
correctly and recycle to the maximum. Processing of a CRT
TV or monitor requires specific treatment of the cathode ray
tube in order to avoid the release of heavy metal particles and
subsequent treatment of the funnel and panel glass. Indeed, in
a CRT television set more than 90% of the materials can be
recovered for recycling, these include copper (3%), iron (12%),
glass (48%) and plastic (17%). As can be seen, the main
component is glass that accounts for almost 50% of a TV's
overall weight [5].

Until recently, CRT glass closed recycling (which has been
estimated up to 30 wt% cone and 10 wt% panel) was an
established practice where the glasses were reutilized by the
TV manufacturing industry itself with most of the material
being sold to Asiatic countries. Nowadays, the event of the
new LCD technologies provoked a drastic reduction in the
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production of cathode ray tube TVs. This situation evidences
the necessity to identify alternative uses for the glass obtained
from treatment of TVs and monitors in order to avoid landfill
disposal [6]. In this way, some investigations have been
developed in diverse fields such as porcelain stoneware
production, tableware glass, glass-ceramics, glazes, clay bricks
and roof tiles, insulating glass fiber or glass foams [6—12].

One of the most promising and emerging directions for
processing of CRT glass is the production of foamed glasses.
Glass foam is generally obtained by the action of a gas-
generating agent (foaming agent), which is ground together
with the starting waste glass to a finely divided powder. The
mixture of glass powder, foaming agent, and occasionally
other mineral agents is then heat treated at a suitable
temperature to promote viscous flow sintering and the thermal
decomposition of the foaming agent. The evolution of gas
inside the softened pyroplastic mass of glass causes the
expansion of the structure. The properties of finished foamed
glass products depend strongly on the type and quantity of the
added foaming agents, on the initial size of the glass particles,
and on the firing schedule [13].

The route here proposed for foaming CRT glasses involves
the addition of waste egg shells which act as foaming agent at
the processing temperature because it is primarily made up of
calcium carbonate (CaCOs) [14,15]. The release of gas (CO,)
inside the softened glass leads to the foam formation. The aim
of this work was to investigate the potential of waste egg shells
as foaming agent and to evaluate the feasibility of the foaming
process and the properties of glass foams produced from CRT
glasses. Moreover, the optimization of the foaming process by
selecting the best processing parameters including the

Table 1
Chemical composition of CRT glass (wt%).

Oxide Panel (P) Funnel (F)
SiO, 67.25 58.84
Al,O3 2.76 3.73
Na,O 7.89 6.60
K,O 7.56 7.33
CaO 1.34 3.24
MgO 0.36 1.47
BaO 11.31 1.80
SrO 0.26 0.09
PbO 0.13 16.02
Fe,03 0.04 0.12
TiO, 0.49 0.14
Total 99.39 99.38

maximization of the incorporation of glass wastes and the
use of low processing temperatures is also desirable.

2. Experimental procedure

Cullet of panel glass (P) and funnel glass (F) were first
crushed in a crushing machine and then dry-milled using a
porcelain ball mill. The mean particle size of the glass powders
as determined by light scattering technique (Coulter LS 230,
CA USA; Fraunhofer optical model) was about 10 um. Egg
shells (E) were milled (~8 pum) and used as foaming agent.
Milling the starting waste materials to similar particle sizes
will enhance the microstructural homogeneity of the obtained
materials [13].

The chemical composition of CRT glass used was deter-
mined by XRF spectroscopy (XRF-sequential spectrometer,
ARL ADVANT'XP ), the data are reported in Table 1.

The thermal characterization of the CRT glass was carried
out by DTA analysis (DSC 404, Netzsch) and optical non-
contact dilatometer (Misura HSM/ODHT, Expert System
Solutions, srl). The data reported in Table 2 show the low-
melting nature, related to the glass transition temperature (7)
determined by DTA analysis. The low softening temperature
(T,), and the high values of the thermal expansion coefficient
(a) are in agreement with the relevant quantities of alkaline
oxides contained in the glassy network (~ 15 wt%, Table 1).

Concerning waste egg shells, H-D calcimeter was used to
determine the real carbonates content (~95.17 wt%). X-ray
analysis was carried out by a powder diffractometer with Ni-
filtered Cu Ko radiation (PW 3710, Philips) in the 5-70° 20
range on the powdered egg shells samples ( < 25 pm in size).

Table 3 shows the batch compositions of the investigated
glass foams. The mixtures of the powders of P, F and E were
dry mixed in a cylindrical rotary mixer for 30 min. Cylindrical
pellets (@=20mm) were prepared by uniaxial pressing
(40 MPa). The green samples were heat treated in the tempera-
ture range of 600—850 °C in air for 15 min (heating rate
=5 K min™") in order to evaluate the influence of composition
(glass waste type and foaming agent content) and processing
temperature in the properties of produced glass foams.

The following characterization techniques were employed: (1)
the absolute density was measured using a He pycnometer
(Micromeritics Accupyc 1330, USA); (2) the apparent density of
materials was determined by measuring the weight and the
dimensions of the produced materials; (3) the porosity was
evaluated according to Eq. (1), where Py is porosity (%), d, is

Table 2

Thermal characterization of CRT glasses.

Type of glass T, (°C)* T, (°C)° a (1078 K™Y
Panel (P) 535 720 9.85

Funnel (F) 505 670 9.60

“DTA analysis.
Optical dilatometric analysis.
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Table 3
Batch compositions of prepared foams (wt%).

Sample Panel (P) Funnel (F) Egg shells (E)
PyoE, 99 - 1
Py7E; 97 - 3
PysEs 95 - 5
FooE; - 99 1
Fo7E; - 97 3
FosEs - 95 5

apparent density and d,, is bulk density;

d,
P= (1—d—b> x 100 (1)

(4) crystalline phases formed were identified by X-ray diffrac-
tion analysis (XRD, Rigaku Geigerflex D/Mac, C Series, Cu Ko
radiation, Japan); (5) a side-view hot-stage microscope (HSM,
Leitz Wetzlar, Germany) equipped with a Pixera video-camera
and image analysis system was used to investigate the sintering
behavior of glass powder compacts; (6) the compression
strength of cubic samples of about 30 mm edges, placed
between parallel plates of stainless steel, was measured in a
Shimadzu machine (Trapezium 2, Japan, displacement 0.5 mm
min™"); and (7) microstructure observations were done by
scanning electron microscopy (SEM, Hitachi SU-70, Japan).

3. Results and discussion

3.1. Glass foaming ability, apparent density and
mechanical strength

All compositions showed foaming ability upon heat treat-
ment, although the volume expansions of the samples, the pore
dimensions and pore density distributions have varied with the
composition and the thermal treatment schedule. Fig. la
illustrates the values of apparent density obtained for composi-
tions comprising a fixed value of 3 wt% of foaming agent (i.e.
Py,E; and Fo7E;) sintered at different temperatures for 15 min
(Table 4). The composition comprising funnel glass (Fo7E53)
achieved density values below 0.4 gcm™ at 650 °C (0.35 g
cm_3), while the composition containing panel glass (Py;E3)
needed temperature about 50 °C higher to attain similar
apparent density value (0.38 g cm™ at 700 °C). This effect is
probably due to the higher refractoriness of glass P that
features T, about 100 °C higher than glass F (Table 2), which
prevented the glass attain a viscosity low enough to allow the
foaming effect. Increasing the processing temperature above
650 °C resulted in relative small density changes (0.28—0.38 g
cm ™) in the foams derived from the Fo;E; composition, whilst
the foams produced from the Po7E; composition showed larger
density variations (0.25—0.64 g cm™). These results suggest
that P glass is more sensitive to temperature variations in the
temperature range 650—800 °C than F glass. Considering just a
single decimal digit, one might state that the density values of
the produced glass foams lie in the range ~0.3—0.4 g cm™ for
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Fig. 1. Evolution of physical properties with sintering temperature for
compositions Fo;E3 and Pyg;E; of: (a) apparent density and (b) compressive
strength.

temperatures higher than 650 °C in the case of Fy;E; and
higher than 700 °C for Po;E;.

The results of compressive strength for compositions Py;E; and
Fo7E; sintered at different temperatures for 15 min are illustrated in
Fig. 1b. Generally, these results are in accordance with the
variation of apparent density, i.e. less dense samples feature lower
mechanical resistance. Nevertheless, P-containing compositions
present higher mechanical strength than F-containing ones, even
when apparent density values are lower than those presented by
FyE; (e.g. 725 and 750 °C). This is probably due to the total
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porosity of the samples and the microstructure of the struts in the
triple points between pores. In fact, for similar values of apparent
density, F-containing glass foams feature higher porosity percen-
tage than P-containing ones due to the higher contribution of bulk
density of glass F (296 gcm™) in comparison to glass P
(2.74 g cm™), which is mainly caused by the presence of PbO
in glass F (Table 1, Eq. (1)) can explain the compressive strength
tendency observed for these compositions.

The effect of the foaming agent content on glass foaming
ability was evaluated via sintering of samples at 700 °C for
15 min with varying E content in the range 0—5 wt%. The

Table 4
Apparent density and compressive strength values of glass foams sintered for
15 min at several temperatures.

T (°C) Density (g cm_3) Compressive strength (MPa)
Fo7E3 Py7Es Fo7Es3 Py7Es

650 0.56 +0.03 0.90 +0.02 5.88+0.42 14.82 +0.68
675 0.41 4+ 0.03 0.64 +0.02 2.82 +0.21 6.13+ +0.49
700 0.354+0.02 0.38 +0.01 1.53+0.14 3.89 +£0.34
725 0.35 4+ 0.01 0.29 +0.02 1.154+0.11 1.414+0.21
750 0.38 +£0.01 0.32 +£0.02 0.95+0.07 1.43 +0.18
800 0.28 +0.02 0.44 4+ 0.01 0.76 +0.06 1.26 £0.14

Apparent density (g cm”)

0.2 T T

x (wt.%)

Fig. 2. Evolution of apparent density with the content of foaming agent E for
compositions sintered at 700 °C for 15 min.

Table 5

results are expressed as evolution of apparent density with the
temperature as shown in Fig. 2. Both groups of compositions,
i.e. those derived from panel glass (Pyo_,E,) and from funnel
glass (Fjpo_.E,), feature the same trend: (1) small incorpora-
tion of E (1 wt%) result in relatively high values for apparent
density (1.1 and 0.6 g cm™ for Pygo_E, and Fjo_.E.
respectively); (2) the increase of E to 2 wt% resulted in a
strong decrease of the apparent density (more evidenced for
Pioo_E,), and (3) further increasing of E (x=3-5) led to a
stabilization of the density values in the range 0.3—0.4 g cm™.
These results suggest that the optimum content of E in order to
obtain high porous samples should be near 3 wt% under the
experimental conditions.

3.2. Analysis of the foaming mechanism by HSM

There are several important characteristic viscosity points
based on the relation between the temperatures measured by
HSM and corresponding viscosities (Table 5) [16,17]. A/Ag
corresponds to the ratio of final area/initial area of the glass-
powder compacts. T is an important and determinant tem-
perature in the foaming process since glass attains enough low
viscosity which allows the sample to expand under the
pressure produced by gas releasing from the decomposition
process of the foaming agent. However, if the viscosity is too
low the structure can collapse due to gravity effect and a high
porous sample could not be obtained.

An optimum thermal treatment is when the foaming agent
evolves gas while the glassy phase has a viscosity between 10—
10® poise, which permits producing a homogeneous porosity. In
order to support these results, a theoretical calculation by software
of Lakatos viscosity as a function of the temperature has been
performed for the two CRT glass compositions [18]. The method
is based on the linear dependence between the glass constituent
concentrations expressed in mol% and the viscosity (standard
deviation ~3.01 °C). The interactions among the glass constitu-
ents have not been considered. From the theoretical calculations,
it has been possible to estimate the viscosity of the P and F
glasses in the range log #=2 to log n=13.4. At log n="7.6, the
corresponding temperatures for the P and F glass were 709 and
693 °C, respectively.

Important characteristic viscosity points based on the relation between the temperatures measured by hot stage microscopy and corresponding viscosities.

log n Description
(dPas)
Trs First shrinkage 9.1+0.1 Temperature at which the pressed sample starts to shrink

Temperature at which the first signs of softening are observed (generally shown by the disappearance or

Tyms Maximum 7.8+0.1 Temperature at which maximum shrinkage of the glass-powder compact is achieved
shrinkage before it starts to soften
Tp Softening point 6.3+0.1
rounding of the small protrusions at the edges of the sample)
Typ Half ball point 4.1+0.1 Temperature at which the section of the observed sample forms a semicircle on the microscope grid
Tr Flow point 3.44+0.1

Temperature at which the maximum height of the drop of the molten glass corresponds to a unit on the microscopic scale
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The variation in the relative area (A/Ay) with respect to
temperature is shown in Fig. 3 while photomicrographs demon-
strating a change in the geometrical shape with temperature, as
obtained from HSM, are presented in Fig. 4. The estimated value
for the beginning of the shrinkage process for composition PggE,
was about 590 °C (Fig. 3a) and shrinkage proceeded with
increasing temperature until it reached its maximum at about
668 °C. Increasing the E content to 3 and 5 wt% (Fig. 3b and 3c,
respectively) resulted in similar HSM curves and the beginning of
the shrinkage process shows slight shift to higher temperatures.
Only the composition containing the higher amount of foaming
agent (PysEs) shows a slight expansion after the maximum
shrinkage was achieved. The composition derived from glass F
with 1 wt% E (FooE,) started the shrinkage at lower temperature
(559 °C, Fig. 3d) and reached the maximum shrinkage at about
637 °C. Increasing of the foaming agent content in composition
FooE; (Fig. 3e and 3f) did not reflect significant changes in the
temperature of first shrinkage, but shifted the temperature of
maximum shrinkage to lower values. Moreover, the expansion
phenomena is more intense for compositions containing higher E
amount as evidenced by the slope of the curves observed in
Fig. 3e and 3f. The results evidenced that compositions derived
from glass F start the shrinkage process and reach the point of
maximum shrinkage at lower temperatures than those derived
from glass P. Moreover, PooE; shows higher maximum shrinkage
value than composition FooE;. On the other hand, after the point
of maximum shrinkage was attained, the composition Fo7E;
showed a strong expansion, an effect not observed for
composition PggE;. These results are in accordance with the
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Fig. 4. Hot stage microscopy images of samples with compositions Py;E; and
Fo7E; on dense alumina substrates.
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Fig. 3. Variation in the relative area of the glass-powder compacts (A/A,) versus temperature from hot stage microscopy measurements: (a) PooE;, (b) Py7E3,

(¢) PosEs, (d) FooEy, (€) Fo7E3, and (f) FosEs.
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Fig. 5. X-ray diffractograms of glass foams Po;E; (a) and Fo;E; (b) sintered at different temperatures for 15 min and compositions Pjgo_,E, (¢) and Fjgo_.E;

(d) containing different amounts of E sintered at 700 °C, with x=1-5 wt%.

lower apparent density values presented by composition
Fo;E3 in comparison to Py;E3.

No evidence of deformation was observed in samples heat-
treated at 600 °C as shown in Fig. 4. At 650 °C, P-containing
compositions maintained their original shape while F-containing
compositions started evidencing some rounded edges (beginning
of deformation). At 700 °C, Fy;E; featured the maximum
expansion whilst Po7E; kepts its original shape up to 750 °C.
At this temperature, Po;E3 showed the first signs of deformation
and Fy;E; reached the beginning of collapse under their own
weight due to the attained low viscosity.

These results suggest that composition (i.e. the type of glass
used in the batch and the foaming agent content) plays an
important role in the foaming mechanism. Moreover, they are
the evidence that 700 °C is the optimum sintering temperature
for F-containing compositions while higher temperatures are
required to sinter P-containing compositions.

3.3. Phase assemblage and microstructure of glass foams

The formation of crystalline phases and the extent of crystal-
lization, as well as its dependence of starting composition and
sintering temperature, are important factors that determine the
structural evolution and the final properties of glass foams. Glass
samples sintered at different heat treatments in the temperature

range 650-850 °C revealed low crystalline nature as evidenced by
the broad X-ray diffractograms presented in Fig. 5. All composi-
tions featured absence of crystalline phases or just a small peak of
quartz (ICDD card 070-2538) when sintered at different tempera-
tures or different amounts of foaming agent, evidencing low crys-
tallization ability of the experimental compositions. Moreover,
phase assemblage after sintering attains small variations with sint-
ering temperature and composition under the experimental condi-
tions. These results along with the HSM observations (Fig. 3)
suggested that these compositions present good sintering behavior.

The type of porous structure, in particular the cells' sizes and
thickness of cell walls, plays an important role in the resulting glass
foam properties [19]. Fig. 6 illustrates the evolution of micro-
structure of some experimental glass foams. The effect of temp-
erature on the microstructure of glass foam with P-containing
compositions is well evidenced by Figs. 6a—c. At 600 °C the
microstructure of Pg;E;3 is characterized by small and homoge-
neous dispersed pores (Fig. 6a). Increasing the temperature to
700 °C led to increase of pore size maintaining the homogenous
appearance (Fig. 6b). Additional temperature increasing (750 °C)
resulted in the coarsening of some pores, probably due to
coalescence of smaller ones, and the pore size distribution became
assorted (not shown). The effect of foaming agent content on the
microstructure of P-containing glass foams can be observed in
Fig. 6¢ which correspond to P-containing compositions sintered at
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Fig. 6. Microstructures of glass foams: (a) Py;E;—600 °C, (b) Py;E3—700 °C, (c) PysEs—700 °C and (d) Fo;E;—700 °C.

700 °C with added 5 wt% of egg shells (PosEs). Higher E content
resulted in more intense foaming effect and, consequently, higher
pores' sizes. When glass P was replaced by glass F in composition
Py;E;, the pore sizes increased significantly (Fig. 6d) due to the
lower value of softening point of glass F in comparison to that of
glass P, which enhanced the foaming effect.

4. Conclusions

The possibility of producing glass foams by using recycling
CRT waste glasses (panel and funnel glass) along with egg
shells as foaming agent has been presented. Both types of
glasses (F and P) with added egg shells as foaming agent
revealed to be suitable precursor mixtures for the production of
low density (~0.35gcm™) glass foams. The expansion
ability of the precursor mixtures and the developed micro-
structure in the resulting foams and their physical properties
depend on glass composition, the amount of foaming agent
added, and the temperature of heat treatment. HSM revealed to
be an interesting tool to assess the effects of the experimental
variables on the foaming ability.

Egg shells proved to be a good alternative to conventional
foaming agents such as CaCO;, MgCO;, or SiC used in the
production of glass foams, offering interesting advantages: (i) being
a waste material it is potentially cost-free; (ii) its incorporation in
glass foams contributes to clean the environment; and (iii) the gas

releasing ability at relative low temperatures (700 °C) enables
saving energy.
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