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the 80s, many countries started banning production and use of asbestos containing products (ACP),
although still present in private and public buildings. Due to some extraordinary catastrophic events and/
or the aging of these products, people's health and environmental risk associated with the inhalation of
asbestos fibers keeps being high even in those countries where it was banned. For these reasons, many
communities are developing plans for an environmental and sanitary safe asbestos removal and man-
Asbestos containing waste agement. Asbestos containing wastes (ACW) are usually disposed in controlled landfills, but this practice
Waste treatment does not definitively eliminate the problems related with asbestos fiber release and conflicts with the
Chrysotile ideas of sustainable land use, recycling, and closing material cycles. Consequently, many scientific papers
Asbestos detoxification and patents proposed physical, chemical, and biological treatments aimed to the detoxification of ACW
(or the reduction of their health effects) and looking for the adoption of technologies, which allow the
reuse of the end-products. By including recent relevant bibliography, this report summarizes the status
of the most important and innovative treatments of ACW, providing main operating parameters, ad-
vantages, and disadvantages.
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1. Introduction minerals (chrysotile, amosite, crocidolite, tremolite, anthophyllite,
and actinolite) which has been widely used because of its low
Asbestos is a group of six naturally-occurring fibrous silicate thermal conductivity, high mechanical strength, resistance to

chemical and biological attacks, and low cost (Dellisanti et al.,
2009). Asbestos was already used in ancient times to produce
materials resistant to fire, as described by Pliny the Elder (Rge and
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for the fabrication of spun products, rope packings, and heat-
insulating boards began between 1860 and 1875 (Skinner et al.,
1988). Once these new goods were presented at the Paris Univer-
sal Exposition in 1878, the world production of ACP raised
(Degiovanni et al., 2004). As a result, asbestos extraction continued
to grow steadily, peaking in 1977 at 4.8 x 10° tons (Park et al., 2012),
but successively it declined since the use and extraction of asbestos
started being forbidden, mainly in European countries, because of
its negative effects on human health (Stayner et al, 2013;
Tossavainen, 2004).

In particular, Iceland (1983), Norway (1984), Denmark (1986),
Sweden (1986), Austria (1990), The Netherlands (1991), Finland
(1992), Italy (1992), and Germany (1993) were the first countries to
restrict and ban asbestos uses (Kazan-Allen, 2003). Nowadays,
asbestos mining and use in 2015 was still equal to 2.0 x 10° tons
(U.S. Geological Survey, 2016), although 58 countries have banned
the production and consumption of all forms of asbestos (Kazan-
Allen, 2016). In particular, the major asbestos producers in 2015
(U.S. Geological Survey, 2016) and consumers in 2012 (Frank and
Joshi, 2014) are reported in Fig. 1.

In the peak period of asbestos consumption, more than 3000
types of ACP have been used in schools, hospitals, gyms, cinemas,
and industrial plants (Paglietti et al., 2012). Nowadays, most of
these applications have been abandoned (Virta, 2002), but a few
non-limiting examples of the remainder are reported in Table 18S.

The main asbestos production is now based on chrysotile, since
the production of amosite and crocidolite ceased in the mid-1900s
(Pye, 1979; Virta, 2011). However, physical and chemical properties
of chrysotile, amosite, and crocidolite are reported in Table 2S.

By considering that, from 1900 to 2015, 2.1 x 10® tons of
asbestos fibers were produced and used all over the world and by
taking into account the worldwide pandemic of asbestos-related
diseases, the management of ACP and ACW is an issue of global
concern. Indeed, although ACP are still used in Eastern Europe and
Asia, in many countries where asbestos has been already banned a
significant background level of asbestos still remains in close con-
tact with the population (in the environment, buildings and de-
vices). For instance, it has been evaluated that in Italy the amount of
ACW can reach 30 x 10° tons (Plescia et al., 2003). Similarly, the
authority for waste management and soil remediation in Flanders
reported that the amount of ACP is equal to 3.7 x 10 tons, more
specifically, 1.9 x 10° tons in buildings and 1.8 x 108 tons in utility
pipelines (OVAM, 2016).

Many papers justify the use or the presence of chrysotile in non-
friable ACP in public buildings, since in this condition it is not
dangerous for human health (Bernstein et al., 2013; Lee and Van
Orden, 2008; Whysner et al., 1994; Chesson et al., 1990). Indeed,
the hazard generated by ACP is associated to the inhalation of
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Fig. 1. Producers (2015) and consumers (2012) of asbestos fiber.

asbestos airborne (Donaldson et al., 2013; Ansari et al., 2007; Nel
et al., 2006). On the other hand, in North America a significant
portion of the water distribution through asbestos cement pipes is
still in service and it has been reported that some water samples,
withdrawn in 1991, contained between 1.4 x 10°—2.6 x 10° million
asbestos fibers per liter (Webber and Covey, 1991). Unfortunately,
like inhalation, also the ingestion of asbestos fibers can cause fatal
diseases (Kjaerheim et al., 2005; Van Kesteren et al., 2004).

Furthermore, during natural and made-man disasters, both
friable and non-friable ACP present in buildings and utilities
contribute to the generation of large volumes of debris character-
ized by high environmental and public health impacts (Brown et al.,
2011). Specifically, it occurred after 2005 Katrina hurricane (Luther,
2008; Brandon et al, 2011), 2011 Fukushima earthquake
(Kashimura et al., 2015), and after the terroristic attack to the World
Trade Center in 2001 when analysis in settled dust highlighted the
presence of asbestos fibers at the concentration of 0.8%w - 3.0% w;
w (Landrigan et al., 2004). Moreover, both non-friable and friable
ACP could generate hazardous dusts during a whole-building de-
molition by heavy equipment and/or explosives (Perkins et al.,
2007; Stefani et al., 2005). In any case, it has been estimated that
125 x 10 people are occupationally exposed to asbestos (Linton
et al.,, 2012) and it has been reported that asbestos-related ill-
nesses cause 1.07 x 10° deaths per year (Frank and Joshi, 2014;
Marsili and Comba, 2013).

As a consequence, to overcome all the environmental and health
problems associated to the presence of ACP and ACW, on the 30™ of
January 2013, the European Parliament (Resolution EU-P7_TA,
2013) encouraged the EU “to work with the social partners and
other stakeholders at European, national and regional levels to develop
and share action plans for asbestos removal and management”.

Actually, ACW are generally bagged, labelled, and deposited in
controlled landfill (Paglietti et al., 2016). For example, according to
the Italian Environment Ministry Decree of the 6th of September
1994 and related acts, ACP have to be sealed in double polyethylene
bags (2 mm thick), labeled and deposited in controlled landfills.
This practice is cheap, but it does not eliminate the problems
related to asbestos fiber release, which is merely postponed to the
future generations (Leonelli et al., 2006). In fact, it represents only a
temporary solution since weathering through rain, wind, or me-
chanical action would result in the release of fibers, raising a po-
tential health risk (Promentilla and Peralta, 2003). Furthermore,
landfilling is conflicting with the idea of sustainable land use,
recycling, and closing material cycles (Scharff, 2014; Tam and Tam,
2006).

Consequently, the European Parliament “points out that, as
regards the management of asbestos waste, measures must also be
taken — with the consensus of the populations concerned — to promote
and support research into, and technologies using, eco-compatible
alternatives, and to secure procedures, such as the inertisation of
waste-containing asbestos, to deactivate active asbestos fibers and
convert them into materials that do not pose public health risks”
(Resolution EU-P7_TA, 2013).

For this purpose, many papers and patents have been devoted to
physical, chemical, and biological treatments aimed to the detoxi-
fication of asbestos fibers or to the reduction of their health effects.
These studies, in some cases, have already led to pilot installations
or even full-scale operational treatment-plants. In the present re-
view, an attempt is made to describe all these ACW treatment
processes by focusing on the environmental and economic advan-
tages and disadvantages, as briefly summarized in Table 3S.

2. Solidification and stabilization

The landfilling of hazardous waste following the solidification
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