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Abstract: This paper presents an alternative way to recycle cathode ray tube glass waste, together
with fly ash and kaolin, into new glass ceramic materials. The samples were obtained using three
firing temperatures: 700, 800, and 900 ◦C. The effect of the fly ash/CRT waste ratio upon the materials’
firing shrinkage, apparent density, apparent and total porosity, chemical stability, and compression
strength was investigated. The firing shrinkage used as a dimensional stability parameter, a firing
shrinkage range between 2.19–8.18%, was positively influenced by the waste mix amount. The
apparent density of the obtained materials is positively affected by the heat treatment temperature,
rising from 2.09 to 2.93 (g·cm−3), while the apparent porosity decreases with the increase of the
firing temperature from 6.08 to 2.24 %. All the studied glass ceramics show very good chemical
stability and complete immobilization of the Pb2+ and Ba2+ ions in the glass ceramic matrix. The
compression strength of the sintered materials ranges between 1.42–11.83 (N·mm−2), being positively
influenced by the kaolin amount and negatively influenced by porosity. The obtained results confirm
the viability of the proposed alternative to use CRT waste and fly ash together with kaolin to obtain
glass ceramic materials that can be used for outdoor paving applications.

Keywords: cathode ray tube; fly ash; glass ceramics

1. Introduction

The electronics industry is one of the global industries with the fastest level of develop-
ment, rapidly integrating new ideas and technologies and generating jobs but also a huge
amount of e-waste [1]. The products of this industry have entered the daily life of members
of today’s society at all levels. Extremely rapid technological advances have generated a
large number of early obsolete electronics, even if they are far from having completed their
life cycles [2]. The combination of these two factors, increasing ownership and shortened
lifespan, has generated rapid growth in the amount of unwanted and obsolete e-wastes,
which exceeded 52 million tons in 2021 [3] and equals approximately 6.8 kg per inhabi-
tant [4]. The e-waste contains more than 1000 different substances and up to 60 elements
from the periodic table [5], many of which are toxic to human health and the environment.
Their release to the environment generates a severe over-concentration of heavy metals in
air, dust, soil, sediments, and plants, being a real danger to human health [6,7]. E-waste is
one of the most problematic waste streams in terms of recycling and potential pollution [8].
Usually, household generated e-waste is collected either by dumping it into waste bins,
through government-recognized collectors, or by private waste dealers and companies [9].
Recycling represents a profit-generating alternative for the economy, taking into account
the content of precious metals (such as platinum, gold, silver, iridium, rhodium, etc.) and
other marketable materials (copper, aluminum, indium, germanium, etc.) [10].

The technological evolution of displays from those with cathode ray tubes to thin-film
transistors (TFTs), liquid crystal displays (LCDs), and the most advanced light-emitting
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diodes (LEDs), and active-matrix organic light-emitting diodes (AMOLEDs) generates more
than 50,000–150,000 million tons/year of CRT waste [11]. Stockpiling CRT e-waste from
televisions and computer monitors is complicated due to their environmentally hazardous
character derived from the large amounts of leaded glass they contain. Therefore, effective
recycling alternatives must be proposed for these difficult-to-treat e-wastes. Two main
approaches to CRT recycling are currently used: closed-loop and open-loop recycling [12].
The closed-loop alternative that involves the recovery of CRT waste as raw materials to
manufacture new CRT monitors is currently obsolete since there is no more demand for
CRT monitors from the market, and therefore, the recycling efforts shifted to open-loop
recycling. Several main directions of open-loop recycling, each with specific advantages
and disadvantages, have gained greater interest among researchers and manufacturers.
CRT waste recycling by vitrification as an energy-consuming process is economically viable
only by generating new glass-based products with high market value, such as cellular
glasses [13–16], glass ceramics [17–20], ceramic glazes [21–24], and composites [25–28]. An-
other recycling trend that avoids the economic disadvantages associated with vitrification is
for construction and infrastructure industries as a substitute for aggregates in cementitious
matrices for concretes and mortars [29–35].

Fly ash is a by-product of power and incineration plants operated either on coal,
biomass, or municipal solid waste. Fly ash, one of the most complex and abundant
anthropogenic materials, is now considered the world’s fifth-largest material resource [36].
Depending on its origins, the fly ash composition is very variable, and therefore, pollutants
can be very different. It can generate water and soil pollution, disrupt ecological cycles,
pose environmental hazards, and endanger human health if not properly stored. In most
cases, the disposal of the ash is finally done by dumping it on open land [37]. Fine fly ash
particles suspended in the air have become a major source of gas pollution, causing eye,
skin, nose, throat, and respiratory tract irritation. When seeping into the basement, fly
ash can clog natural drainage systems and contaminate groundwater with heavy metals.
Considering the huge amounts of fly ash that are continuously generated, substantial
efforts are required to find recycling alternatives. About 20% of fly ash is used in concrete
production [38–41]. The physicochemical properties of coal fly ash, such as low bulk density,
water-holding capacity, favorable pH, and useful nutrients, such as P, S, K, Ca, Mg, Cu, Mn,
and Zn, make it a potential amendment for soils [42–44]. Fly ash can be used to stabilize
the soil embankment, as an aggregate filler, as an additive for bituminous paving, and as
a mineral filler for bituminous concrete for road base construction [45–47]. Based on its
oxidic composition, containing mainly SiO2, Al2O3, CaO, and Fe2O3, and its fine powder
form, which is able to be directly incorporated into ceramic pastes, fly ash is largely used in
the ceramic industry [48–55]. Other fly ash applications include zeolite synthesis [56–58]
and polymer fillers [59–61].

Although the application fields mentioned above use a good part of the generated fly
ash, they are not sufficient for the complete recycling of the fly ash amounts.

Vitrification as a solution for ash immobilization and, respectively, for immobilizing
CRT-type waste is the subject of recent studies that pursue the valorization of the products
obtained in areas such as mortars [62], ceramic foams [63,64], porous glass ceramics [65],
etc. This paper suggests a new recycling alternative using a lower-than-usual temperature
firing for both CRT waste and fly ash, together with kaolin, to obtain new materials able
to immobilize the barium and lead ions brought by the glass waste in the glass ceramic
matrix. The materials’ physicochemical properties recommend these materials for outdoor
pavement applications.

2. Materials and Methods

The precursors’ waste composition, which was determined using a RX fluorescence
Niton XL 3 equipment (Thermo Fisher Scientific Inc., Waltham, MA, USA) for CRT and
the fly ash and provided by the kaolin supplier SC IPEC SA (Alba Iulia, Romania), is
presented in Table 1. Bojidar kaolin was introduced with the aim of ensuring, after the heat
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treatment, the formation of the ceramic component of the synthesized samples, the essential
component through the prism of the effect of the ceramic bridges on the properties of the
final product. The kaolin phase composition is illustrated by the RDX spectra presented in
Figure S1 (Supplementary Material).

Table 1. The precursors’ oxidic composition (weight %).

Oxide SiO2 Na2O K2O CaO MgO Al2O3 Fe2O3 BaO PbO TiO2 L.O.I

CRT 60.92 8.96 7.44 0.67 0.14 2.07 0.15 10.80 8.85 - -
Fly ash 46.20 6.23 4.17 8.60 3.30 23.20 8.10 0.20

Bojidar kaolin 49.29 0.14 0.87 0.56 0.44 35.18 0.78 - - 0.43 12.31

The glass waste was ground in a Pulverisette-type laboratory mill (Fritsch GmbH,
Idar-Oberstein, Germany) using a material-balls-water ratio of 1:2:1, dried in an oven at
105 ◦C for 24 h, and then sieved, retaining the granulometric fraction under 100 µm mesh
for later use.

The fly ash was provided by SC Colterm S.A. (Timisoara, Romania) powerplant. Its
specific surface was determined by nitrogen adsorption (BET method) after prior degassing
at 450 ◦C on a Micrometrix ASAP2020 porosimeter (Micromeritics, 4356 Communications
Dr, Norcross, GA 30093, USA), was 6.3 (m2·g). The phase composition of the fly ash is
presented in Figure S2 (Supplementary Material).

The particle size of the kaolin and fly ash was determined using a Micromeritics
SediGraph III Plus particle size analyzer (Micromeritics, 4356 Communications Dr, Norcross,
GA 30093, USA), using 2.5 g of each test sample. Once the testing was completed, the
data was plotted, and the average fly ash and kaolin particle sizes (D50) were calculated as
17.25 µm and 6.78 µm, respectively (Figure 1).
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The compositions of the synthesized glass ceramics are presented in Table 2.
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Table 2. Composition (weight %) and wastes ratio of the obtained glass ceramics.

Sample Fly Ash CRT Waste Bojidar Kaolin Fly Ash/CRT Ratio

1 20.00 40.00 40.00 0.50
2 30.00 35.00 35.00 0.86
3 40.00 30.00 30.00 1.33
4 50.00 25.00 25.00 2.00
5 60.00 20.00 20.00 3.00

The precursors were mixed together and pressed into parallelepiped shapes
(70 × 70 × 15 mm) using a BERNARDO WK 10 TH hydraulic press (PWA HandelsgesmbH,
Linz, Austria).

The firing process was conducted in a NABERTHERM 300–1300 ◦C electric furnace
(Nabertherm GmbH, Lilienthal, Germany), considering a heating rate of 10 ◦C·min−1 in
the temperature range 20–550 ◦C and then 30 ◦C·min−1 from 550 ◦C to the maximum
firing temperatures: 700, 800, and 900 ◦C maintained for 90 min followed by cooling with
20 ◦C·min−1 to room temperature was reached in order to avoid thermal stress. An image
of the synthesized samples, before and after firing at 900 ◦C, is presented in Figure 2.
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The dimensional stability was determined considering the volumetric shrinkage after
firing, measured using an electronic caliper.

The samples’ apparent density and apparent porosity were measured at 20 ◦C using
the liquid saturation method under vacuum with deionized water as working liquid.

The total porosity of the studied samples was calculated using the relation (1):

P =

(
1− ρS

ρP

)
·100 (%) (1)

where: ρS =
mS
VS

(g·cm−3) represents the bulk density of the parallelepiped shape sample

having the mass ms (g) and volume Vs (cm3), and ρP represents the glass ceramic material
density, measured using the pycnometer method using demineralized water as working
liquid at 20 ◦C.

The glass ceramics’ phase composition was investigated with a Rigaku Ultima 4 diffrac-
tometer (Rigaku Corp., Tokyo, Japan) using the monochromatic Cu-Kα radiation at an
angular range of 5 to 80◦ for a scanning speed of 10◦·min−1 at every 0.05 interval. XRD
data were interpreted using PDXL software (Rigaku Corp., Tokyo, Japan); for the phase
identification, we used PDF (Powder Diffraction File, PDF 2) cards according to the Joint
Committee on Powder Diffraction Standards (JCPDS), International Centre for Diffraction
Data (ICDD).

The microporous structure of the glass-ceramic matrices was analyzed by SEM, using a
Quanta FEG 250 microscope (FEI Company, Hillsboro, OR, USA) using accelerating voltage
of 20.0 kV in high vacuum mode.
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The glass ceramics’ chemical stability was estimated based on the dissolution rate (Dr)
in deionized water calculated based on the relation (2):

Dr =
mi −m f

t
(µg h−1) (2)

where: mi is the initial sample mass, and mf is the sample mass after t (28 days) immersed
in 100 mL deionized water at a temperature of 20 ◦C and then dried until reaching constant
mass in a laboratory oven at 110 ◦C.

The barium and lead ion immobilization in the studied glass-ceramic matrix was
measured using leaching tests performed according to the American Extraction Procedure
Toxicity Test [66]. Deionized water was used as extraction solvent at a constant temperature
of 20 ± 2 ◦C, with ions leachability analysis being measured after 28 days using a Bruker
Aurora ICP mass spectrometer (Bruker, Billerica, MA, USA).

The compression tests were performed using a Zwick Roell AllroundLine equipment
(ZwickRoell Testing Systems GmbH., Fürstenfeld, Austria) with a 5–250 kN test load cell
and a crosshead speed of 1.0 (mm·min−1). The samples were cut using a diamond saw in
parallelepipedal shapes having 25 × 25 × 12 mm in order to respect the length/height ratio
of 1.5–2.5, as recommended by ASTM C1424-15 [67], and then polished to obtain highly
parallel and smooth opposite bases surfaces.

3. Results and Discussion
3.1. Dimensional Stability after Heat Treatment

The physical-chemical transformations that take place in the masses studied during
firing are accompanied by dimensional contractions. The measured shrinkage of the studied
samples at the three heat treatment temperatures is illustrated in Figure 3.
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The firing shrinkage increases with the increase of the heat treatment temperature,
ranging between 2.19–6.70 % for the samples fired at 700 ◦C up to 4.42–8.18 % when the glass
ceramics were fired at 900 ◦C, due to an increase of vitreous melt phase fluidity. This effect is
more pronounced in the samples containing larger amounts of glass waste, corresponding
to a lower fly ash/CRT waste ratio [68]. The evolution of samples’ dimensional stability
upon composition is quasilinear for all three synthesis temperatures, having the coefficient
of determination ranging from 0.9644 up to 0.9671.

Replacing the kaolin with a waste mix leads to an increase in the dimensional sta-
bility of the samples by reducing the ceramic-specific contractions effect associated with
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the kaolinite-metakaolinite-spinel-like structure and amorphous SiO2 transformations
(Equations (3) and (4)) [69]:

Al2O3·2SiO2·2H2O→ Al2O3·2SiO2 + 2H2O (metakaolinite) (3)

2(Al2O3·2SiO2)→ 2 Al2O3·3SiO2 + SiO2 (spinel) (4)

Reactions (3) and (4) occur at around 500 ◦C and 925 ◦C in pure kaolinitic masses [70].
The presence of the liquid phase favors the solid-state reactions, lowering the compounds’
synthesis temperature.

3.2. Apparent Density, Apparent and Total Porosities

The influence of the fly ash/CRT waste ratio upon the apparent density and apparent
porosity, measured at 20 ◦C using the liquid saturation method under vacuum using
deionized water as a working liquid, is presented in Figure 4.
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The apparent density of the synthesized glass ceramics is affected by the heat treat-
ment temperature, rising from 2.09–2.68 (g·cm−3) for the samples fired at 700 ◦C up to
2.25–2.93 (g·cm−3) for those fired at 900 ◦C. The apparent porosity decreases with the
increase of the firing temperature of the samples from 2.34–6.08% at 700 ◦C down to
2.24–5.27% at 900 ◦C. This effect can be explained by considering the larger amounts of
liquid phase generated as the heat treatment temperature increase, which fill the available
pores, generating higher apparent densities and lower apparent porosities.

Larger quantities of fly ash, reflected by higher fly ash/CRT waste ratios, lead to lower
apparent densities and higher apparent densities of the samples due to the foaming effect
of the fly ash that generates gases during the heat treatment.

The total porosity of the obtained samples, calculated based on geometric considera-
tions, decreased from 14.51–36.69% for the samples fired at 700 ◦C to 9.21–30.37% when the
heat treatment was conducted at 900 ◦C. The influence of the two waste ratios upon the
total and the apparent porosity of the synthesized samples is illustrated in Figure 5.
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the samples’ bodies (Figure 6C). Raising the heat treatment temperature to 900 ◦C (Figure 6D)
generates a more textured surface with higher crystallinity and fewer pores.

3.3. Phase Composition

The phase analysis for samples 1 and 5 fired at the three considered temperatures is
presented in Figure 7.

The main two phases present in both samples are quartz (JCPDS#01-083-0539) and
anorthite (JCPDS#01-076-0948). The sharper quartz peak registered for sample 1 sintered at
lower temperatures (Figure 7A) is caused by the larger kaolin amount used for its synthesis.
No mullite-specific peaks were recorded due to the sintering temperature being too low.
The broad shape of both spectra for the lower angular range is caused by the amorphous
vitreous phase present in the glass ceramic structure [71].
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3.4. Chemical Stability of the Samples

The chemical stability of the sintered glass ceramics, measured as samples dissolution
rate after 28 days, is presented in Figure 8, together with the corresponding apparent
porosity. All the samples show very good chemical stability; the dissolution rates decrease
from 0.0115–0.0425 (µg·h−1) after firing at 700 ◦C down to 0.0035-0.0318 (µg·h−1) after
firing at 900 ◦C. The most stable samples were obtained using the highest amount of
CRT glass based on the encapsulating effect of the vitreous phase that protects the glass
ceramic structure against the hydrolytic attack. Higher sintering temperatures favor this
behavior by generating a more fluid phase that is able to coat all the exposed surfaces. The
similar trend of the curves describing the chemical stability and the apparent porosity of
the samples can be explained by considering the fact that the hydrolytic attack takes place
in the open pores at the interface between the glass ceramic body and the attacking agent.
Increasing the amount of fly ash used for the samples’ synthesis decreased the chemical
stability due to the foaming effect that generated more pores in the glass ceramic matrix.
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No barium or lead ion extractions from the sintered glass ceramics were determined
after 28 days using the Bruker Aurora ICP-MS equipment. This behavior is caused by the
fact that Ba2+ and Pb2+ ions are brought into the matrix structure via the CRT vitreous
vector, less susceptible to hydrolytic attack.

3.5. Mechanical Properties of the Glass Ceramics

The obtained glass ceramic compositions are designed for outdoor ceramic pavements,
and therefore, they must have good compressive strength. The effect of the glass ceramic
composition upon the compression strength of the synthesized samples is illustrated in
Figure 9 together with the samples’ total porosity.

The compression strength of the samples rises from those sintered at 700 ◦C, ranging
between 1.42–5.78 (N·mm−2) up to 4.09–11.83 (N·mm−2) for those obtained at 900 ◦C.
The high sintering temperatures and the presence of kaolin have a positive effect on the
compression behavior of the obtained samples considering that the mechanical strength of
the glass ceramic matrix is based on the ceramic bonds formed at higher firing temperatures.
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The increase in the total porosity generates structural discontinuities leading to a decrease
in the samples’ compression strength.

The measured compression strength was compared with the literature data for outdoor
pavements in Table 3. The materials synthesized have a comparable compression strength
to those reported by other researchers. It is worth noting that these previous results were
obtained for both concrete and ceramic pavements, respectively, fired at temperatures
above 1200 ◦C, which is much higher than the temperature used in the present study. The
present study was focused on recycling waste in an economically efficient manner. It is
known that higher sintering temperatures lead to better mechanical properties in the glass
ceramic matrix, but they come at the cost of increased energy consumption and negative
environmental impacts. The values obtained for porosity and compressive strength fit
the synthesized materials as ceramic paving materials in accordance with the American
Standards [72,73].
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Table 3. Comparison of the compression strength of the synthesized samples with other outdoor
pavement materials mentioned in the literature.

Total Porosity (%) Compression Strength (N·mm−2) Reference

3.0–29.0 4.68–15.08 [74]
12.1–13.5 43.90–62.40 [75]
8.0–24.0 52.67 [76]

18.6–20.40 25.67–31.26 [77]
15.0–20.0 3.50–27.50 [78]
9.2–36.7 1.42–11.83 This study

4. Conclusions

The present research proposes a new alternative for fly ash and cathode ray tube waste
recycling for glass ceramics obtained using lower sintering temperatures in order to reduce
energy consumption and environmental impacts. The main advantage of this method is
that it immobilizes a hazardous waste, CRT, containing both lead and barium as a ceramic
outdoor marketable pavement product.
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The dimensional stability of the obtained material, expressed by the firing shrink-
age range between 2.19–8.18%, is positively influenced by the waste mix/kaolin ratio
due to a decrease in the ceramic-specific contractions effect associated with the kaolinite-
metakaolinite-spinel transformations. The firing temperature negatively affects the dimen-
sional stability due to the higher amount and fluidity of the glass melt generated as the
temperature increases.

The apparent density of the obtained materials is positively affected by the heat
treatment temperature, rising from 2.09 to 2.93 (g·cm−3), while the apparent porosity
decreases with the increase of the firing temperature from 6.08 to 2.24 %. As the heat
treatment temperature increases, larger amounts of liquid phase fill the available pores,
generating higher apparent densities and lower apparent porosities.

The total porosity of the sintered materials, calculated based on geometric considera-
tion, decreases from 36.69 to 9.21% as the heat treatment increases due to the pore-filling
effect of the liquid phase. The total and apparent porosity obtained values suggest that
the majority of the pores in the glass ceramic matrix are closed. SEM analysis shows
the influence of the composition and firing temperatures on the materials’ texture and
microstructure. Higher firing temperatures generate a small number of larger pores, while
higher waste amounts lead to a large number of small pores that are relatively evenly
distributed on the samples’ bodies.

The synthesized materials have very good chemical stability, the dissolution rates
range between 0.0035–0.0425 (µg·h−1). The sintering temperature and the CRT waste
amount have a positive effect on the chemical stability due to an encapsulating effect of
the vitreous phase that protects the glass ceramic structure against the hydrolytic attack.
The chemical stability and the apparent porosity of the samples show a similar evolution in
relation to the composition confirming that the hydrolytic attack takes place in the open
pores, at the interface between the glass ceramic body and the attacking agent.

Considering the hazardous character of the CRT waste the lead and barium leachability
from the obtained matrix was measured. No barium or lead ions extraction was not
highlighted after 28 days, which is explained by the fact that Ba2+ and Pb2+ ions came via
the CRT glass that is stable to the hydrolytic attack.

The compression strength of the obtained samples ranges between 1.42–11.83 (N·mm2).
The firing temperature and the presence of kaolin have a positive effect on the compression
behavior, knowing that the mechanical strength of the glass ceramic matrix is based on
the ceramic bonds, glass having a brittle behavior. The samples’ porosity has a negative
influence on the compression strength by generating structural discontinuities.

These results suggest the viability of the proposed solution to use fly ash and CRT
waste together with kaolin to obtain glass ceramic materials with a high potential to be
used as outdoor paving materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15043021/s1, Figure S1: Bojidar Kaolin RDX pattern; Figure S2: Fly
ash RDX pattern.
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