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a b s t r a c t

The paper reports on the experimental results obtained from the production of glassy slag by the plasma
smelting of a mixture of two different wastes. The combination of two wastes with different chemical
compositions is a promising way to optimise the energy consumption in the disposal process.
Asbestos-cement roof tiles (ACRTs) and fly ash from fluidised-bed boilers (with a weight ratio of 1:1)
were used for the preparation of glassy (vitrified) slag. The thermal process facilitated a 14.4% reduction
of the weight of the original mixture and a 72% volume reduction of the waste.
The glassy slag is then adopted as a raw material in the production of porous materials intended for

various architectural applications, thus eliminating the necessity for its further disposal. The formation
of a porous glass-ceramic matrix, using the vitrified slag containing CaSO4 as the pore-forming agent,
is described in detail. A glass-ceramic foam with 66% porosity is formed by the rapid heating of the mix-
ture of glassy slag and a 1 wt% of CaSO4, consisting of crystallised calcium aluminosilicate (Ca2Al2SiO7,
Ca0.88Al1.77Si2.23O8). The thermal conductivity of the prepared porous material, measured by a laser flash
thermal analysis, is 0.22 W�m�1�K�1.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Asbestos-containing materials (ACMs) have been widely used
due to their high mechanical strength, low heat conductivity and
anti-flammable properties. However, as asbestos is well known
to cause asbestosis, lung cancer and pleural mesothelioma, all
types of asbestos have now been classified as carcinogenic. Due
to its severe carcinogenicity, the production and use of asbestos
is strongly prohibited nowadays in many developed countries
(Leonelli et al., 2006; Plescia et al., 2003; Kozawa et al., 2010;
Yamamoto et al., 2014). Despite this fact, a lot of ACMs are still
installed in old buildings worldwide, which will sooner or later
be reconstructed. Therefore, a huge effort is currently being made
for the development of appropriate disposal methods for asbestos-
containing waste.

Within the meaning of the Commission Regulation (EC) No.
552/2009 Paragraph 1, the use of articles containing asbestos fibres
which were already installed or in service prior to 1 January 2005
shall continue to be permitted, until the time when they are dis-
posed of or reach the end of their service life. Therefore, the
extended use of asbestos materials is causing a persistent release

of asbestos microfibres due to weathering, wear and unprofes-
sional manipulation.

Even though asbestos-containing hazardous waste represents
only around 0.005% of the total amount of all waste and approxi-
mately 0.2% of the total hazardous waste produced in Slovakia,
greater attention must be paid to the disposal of this waste due
to its carcinogenic properties. The average annual production of
asbestos-containing waste in Slovakia alone, in the period of
2010 to 2015, was approximately 900 tonnes; while more than
75% of this amount was disposed of in landfills.

An important item within the total amount of asbestos-
containing waste produced is represented by the construction
materials containing asbestos (Waste Category 17 06 05, according
to the European List of Waste). The percentage of this waste in
2010–2015 was 73–84% of the total amount of asbestos-
containing waste.

This waste category includes asbestos-cement roof tiles (here-
inafter referred to as ACRTs), which in the 1960s belonged to the
most frequently-used roof tiles installed on the roofs of family
houses. The reasons why these tiles were used include their resis-
tance, strength, easy manipulation, low weight, as well as their
favourable price. As a result of the aging of ACRTs caused by cli-
mate factors, their safe liquidation is becoming a more and more
topical issue. The degradation of these products is noticeable as
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after just 20 years of use, while their mechanical stability and
strength also significantly decrease over time and due to weather
conditions.

ACRTs belong to the category of hazardous waste, which is typ-
ically stored in controlled landfills. This method of waste disposal
represents only a temporary necessary solution, while also taking
into account the possibility for the further exploitation of the
materials comprising such waste, which is a subject of the present
article. However, such a method for the disposal of ACMs does not
allow for the complete destruction of the fibres (Širillová, 2015).

An efficient method for the disposal of asbestos-containing
waste seems to be thermal treatment (Lázár et al., 2016;
Sanlisoyand Carpinlioglu, 2017). As a result of the effects of high
temperatures, the asbestos fibres contained in the waste undergo
various transformation phases and changes. However, the thermal
treatment of ACMs only results in a completely melted slag if a
proper fluxing agent is added due to the presence of a high CaO
content in the cement. When the ACMs with a fluxing agent are
melted at above 1250 �C, we may talk about the formation of a sil-
icate glass product in which the asbestos fibres are transformed
into the structure of a glass matrix (Gualtieri and Tartaglia, 2000).

The high-temperature treatment of ACMs is also discussed in
the paper by Gualtieri and Tartaglia (2000), in which the results
of the thermal treatment of pure serpentine asbestos, an asbestos
fibre belonging to the category of amphibole asbestos, an
asbestos-cement pipe, and a commercial asbestos-cement used in
the production of roof tiles are analysed. The transformation and
decomposition of the asbestos fibres contained in the waste was
reached within the temperature interval ranging from 1100 to
1560 �C. The materials treated in this way were used to produce
glass-ceramics. The asbestos fibres in the specimens were decom-
posed, while the newly formed crystalline phase did not show any
signs of toxicity.

In a similar way, ACRTs have been disposed of in an arc furnace
(Finucane et al., 2018). In this case, the processed batch consisted
of a mixture containing crushed ACRTs and soil that served as a
fluxing agent. The soil also served to prevent the fibres escaping
from the furnace reaction chamber together with the mixture of
gases that were produced. The presence of asbestos fibres was
not confirmed in any of the analysed specimens of the vitrified slag
formed in this manner. Much of the research carried out in the past
(Kasai et al., 2012; Yoshikawa et al., 2015; Witek and Kusiorowski,
2017; Ma et al., 2017; Averroes et al., 2011, Zaremba and Peszko,
2008) has focussed on the high-temperature treatment of
asbestos-contaminated waste, and describes the processing of a
small group of asbestos-cement materials. Further experiments
carried out in this area will result in new knowledge and facilitate
a better understanding of the melting mechanism and the chemical
reactions that accompany this process.

The high-temperature smelting of ACRTs in a plasma reactor (a
furnace similar to an arc furnace – a cathode is formed by a hollow
graphite electrode through which the plasma-forming gas (N2) is
supplied into the electric arc, and an anode consisting of a graphite
smelter is located on the reactor bottom – Čarnogurská et al., 2015)
introduces the possibility of the disposal of the chrysotile fibres
contained in the waste by their transformation into the newly-
formed glass matrix of the slag. This disposal method provides a
permanent solution to the problem regarding the release of asbes-
tos fibres from the waste into the surrounding environment, which
has until now represented a threat to human health. Another pos-
itive aspect, in terms of environmental protection, is the categori-
sation of the produced slag, the primary smelting product, as an
inert material (Iwaszko et al., 2018; Gomez et al., 2009). A further
advantage of the plasma smelting process is a significant reduction
of the amount of waste (slag) that is produced.

A disadvantage of waste disposal/treatment by this smelting
process is the high cost, which is related to the high melting tem-
peratures of the given systems. However, the melting temperature
may be reduced by adding an acidic fluxing agent with a chemical
composition that will ensure the formation of the melt at a signif-
icantly lower temperature. For this purpose, in this study we used
fly ash from fluidised-bed boilers. Fly ash is waste that is unusable
due to the high content of unburned material that is formed during
coal combustion. The annual production of fly ash in Slovakia
amounts to several hundred thousand tonnes. The major compo-
nents of such waste are the oxides of Si, Al, Ca, and Fe.

An advantage combining the two different waste types was
manifested not only in a reduction of the energy demands during
the smelting, but also in the recovery of another waste stream.

However, without an effective secondary usage, the glassy slag
must still be placed in landfills as inert waste. Therefore, the sec-
ond part of the present work focused on a search for an appropriate
method for the recovery of the produced slag. For example, by
upgrading the glassy slag formed during this process, it is possible
to use the porous glass-ceramic matrix as an insulating material
(Yanagisawa et al., 2009). In such a way, thermal-insulation (insu-
lation materials used under buildings in the form of a granulate,
bricks/panels for the construction of light partition walls, insula-
tion boards for the heat-cladding of existing buildings, etc.) or
acoustical-insulation material may be produced to an industrial
extent, from the recycled glass of various qualities and types.

2. Materials and methods

2.1. Preparation of the glassy slag

Experiments involving high-temperature waste smelting in a
plasma reactor were carried out using materials from the disas-
sembled roof of a family house. Evidence of the presence of free
chrysotile fibres on the surface of the roof waste was visible in
the micrograph produced with the scanning electron microscope
(SEM) that is presented in Fig. 1. Prior to the experiment, the ACRTs

Fig. 1. SEM micrograph of the asbestos-cement tiles.
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