Chapter 2

Case Study of Raw Materials Substitution:
Natural Fillers Substitution in Plastic
Composites

Elza Bontempi

Abstract In the frame of European problems of raw materials availability, this
chapter describe a new technology (COSMOS) that allows to produce safe mate-
rials, starting from toxic ash waste (derived from municipal solid waste incinera-
tion). It is shown that this technology was evolved in the years to reduce its
environmental costs and to use local available by-products for stabilization. The
by-products and wastes that can be used in the COSMOS technology are coal fly
ash, flue-gas desulfurization residues, rice husk ash, silica fume, and wood ash. The
sustainability of the obtained COSMOS materials is demonstrated on the basis of
their embodied energy and carbon footprint values. These parameters are reported
and discussed also for several natural and engineered materials used as fillers, with
great attention also to their cost. Results show that the new proposed material is
comparable to calcium carbonate, in term of sustainability. A rapid analysis of the
European plastic market and the results about mechanical performances of the
obtained composites, highlights the possibility to reuse COSMOS filler as a sub-
stitute of calcite and talc, in polypropylene composites. Embodied energy and
carbon footprint of the already available polypropylene composites and the new
proposed ones are presented and discussed. In this context, Ashby plot is used to
investigate possible substitution of polypropylene fillers that are unsustainable or
very expensive, exploring the potential of one material to replace another. Finally,
in view of its thermal properties the COSMOS filler is proposed as a substitute of
antimony, one critical raw material, that urgently need alternative.
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2.1 A New Sustainable Filler from Waste: COSMOS
Technologies

Every year about 11 billion tons of solid waste are collected worldwide and the
European Union alone generates about 3 billion tons of waste (Eurostat). Highly
dependent on imported raw materials, Europe must reduce the amount of waste
generated by improving its resource efficiency through recycling, avoiding waste
and using unavoidable waste as a resource, when possible. On the basis of
developed policy on waste management, in Europe, from 1995 to 2013, the global
amount of waste produced per capita (500 kg/year) results almost constant.
Moreover the waste landfilling shows a negative trend, with a reduction at about
one half of the waste designated to landfill in 2013, in comparison to data of 1995
(from about 300-130 kg/per capita). An opposite trend is found for waste incin-
eration (with an increase from 67 to 127 kg/per capita, comparing data from 1995
to 2014). Waste incineration, that is acquiring a prominent role for domestic waste
management in several EU countries, is at present exceeding the amount of waste
that is landfilled.

Municipal solid waste incineration (MSWI) is now considered an efficient
technique to recover energy and to manage waste. Indeed, it allows to widely
reduce the total waste volume and mass to be disposed in landfill (Zacco et al.
2014).

During 2014, in Europe, 122 kg per capita of waste were incinerated (Eurostat),
i.e. the 25% of the waste generated in the same year. Data about waste production
and management in Europe show that, generally, where high incineration rate is
reached (more than 35% of the total waste produced), as for example in Norway,
Sweden, Germany, France, Austria, and Netherlands, the fraction of waste incin-
erated is constant considering the past years (some countries also exceed 50% waste
incinerated, in respect to total waste generated). On the contrary, countries where
the incineration rate is lower than 25%, the amount of waste incinerated, in respect
to the waste generated, is continuously increasing with time (see Fig. 2.1). As a
consequence, in the next years, the incineration of waste is expected to rise in
several European countries.

MSWI technology induces environmental issues, mainly connected to the
treatment and management of solid by-products generated by waste combustion.
These residues include bottom ash, fly ash, and scrubber residue. Generally MSWI
fly ash and air pollution control (APC) residue are not differentiated. Fly ash is the
thinnest fraction of the particulate contained in combustion flue gas. After com-
bustion, fly ash is caught by electrostatic precipitators without any other treatment
of the gaseous stream (Zacco et al. 2014). APC residues are instead a product
deriving from the injection of an alkaline material inside a scrubber system, in order
to reduce the content of acid gases, particulates and flue gas reaction products. Fly
ash can be incorporated inside the APC residue. Thus fly ash and APC residues are
considered as an unique by-product of MSWI processes. This by-product is com-
monly called MSWI fly ash. MSWI fly ash is generally composed of sulphate and
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Fig. 2.1 Percent of waste incinerated, in respect to the waste generated, in Europe from 1995 to
2013 [data from (Eurostat)]

aluminosilicate glass and it is quite rich in terms of soluble salts. The most abundant
crystalline compounds generally detected in MSWI fly ash are CaClOH, NaCl,
KCl, CaCO5; and CaSO,4. Moreover, also amorphous phases are always present
(Zacco et al. 2014). The typology and concentration of the contaminants found in
this waste are quite various, depending on the solid waste original composition, the
plant operational conditions, the incinerator typology and the air pollution system
design. MSWI fly ash may contain high concentrations of leachable heavy metals
such as As, Cd, Hg, Pb and Zn (Le Forestier and Libourel 1998) and can contain
organic micro-pollutants (PCDD and PCDF) (Zacco et al. 2014).

Because of the dangerous effects produced on humans and environment, MSWI
fly ash is generally landfilled, after a partial stabilization with cement. On the other
hand, because Europe faces issues with raw materials depletion, there is an
increasing need to encourage resource conservation. As a consequence, the mate-
rials recycling represents a large and significant contribution to protect the envi-
ronment (Brunner and Rechberger 2015) and a way to reach the objectives
established in the framework of COP21 meeting (COP21).

The need to reuse valuable materials contained in toxic fly ash has been reported
and discussed in the literature (Funari et al. 2015). However, the papers on this
subject are mainly dedicated to the recovery of precious metals and earth elements
that represent only a limited content in these wastes.
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In this frame, the COSMOS project (it was realized in 2011-2013), financed by
European Commission, developed a new method for MSWI fly ash stabilization
and explored the stabilized material recovery possibilities. The stabilization tech-
nology was based on the use of colloidal silica and other fly ashes (i.e. coal fly ash
and flue-gas desulfurization (FGD) residues).

In the following the required ingredients for the COSMOS process, which are
mixed to obtain the MSWI fly ash stabilization, are briefly analyzed; they are:
colloidal silica, coal fly ash, and flue gas desulphurisation (FGD) residues.

Colloidal silica is a concentrated stable dispersion of dense particles of amor-
phous silicas, generally monodispersed with size ranging from about 5 to about
1500 nm. Colloidal silica is composed of discrete particles, thus it is different from
silica glass, because despite both are amorphous, the structure of the glass is
macroscopically continuous (Bergna 1994). Colloidal silica is used in the form of a
gel, made of a network of interconnected pores with a silicon dioxide core where
water is entrapped. The silica surface can be covered by silanol groups (Iler 1979).
The surface silanol groups are responsible for physically adsorbing water molecules
and holding them in place by hydrogen bonding. The silanol hydroxyl groups, the
water entrapped in the core, and the physically adsorbed water together represent
the moisture content in the dispersed silica gel particles (Kamath and Proctor 1998).

The high dispersion of its particles makes colloidal silica very reactive. In the
COSMOS process the commercial colloidal silica that was used has a particles
dimension less than 10 nm.

Coal fly ash is a by-product originated from the flue gases of furnaces at pul-
verized coal power plants. It is predominantly an inorganic residue; however, its
characteristics can be different, depending on several factors, such as on the coal
source, the temperature and the method of combustion of power plants, the tech-
nology of emission control devices, and the ash storage and handling (Zacco et al.
2014). Therefore, coal fly ash shows a wide variation in its physicochemical and
mineralogical properties. This material is generally composed of crystalline and
amorphous phases. Crystalline phases are mullite, quartz, magnetite, hematite and
anhydrite. Glass is found as amorphous constituent. Coal fly ash is sometimes
reused in building application, to produce concrete (as reported in Chap. 1). Coal fly
ash can be reused in other applications (that will be discussed in Chap. 3), to
increase the sustainability of the obtained material (see also Chap. 4).

Coal fly ash is used in the COSMOS stabilization technology to mainly improve
the mechanical characteristics of the obtained filler (Bontempi et al. 2010).

Flue gas desulphurisation (FGD) residues are a by-product generated by the air
pollution control equipment in coal-fired power plants. They are formed as a
consequence of the required pretreatment made on coal, in combustion plant, to
reduce sulphur amount. Indeed, coal contains large quantities of natural sulphur and
its burning produce severe air pollution problems, because sulphur-bearing impu-
rities are transformed into gaseous SO,, that is an atmospheric pollutant and a
precursor to acid rains. For this reason, in Europe, coal power plants are forced to
remove sulphur oxides from the flue gases, before releasing them to the atmosphere
(Zacco et al. 2014). FGD residues generally contain calcium sulfite and calcium
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hydroxide. As a consequence, flue gas desulphurisation residues are used, as an
inexpensive calcium hydroxide source, in the COSMOS stabilization technology.
FGD were chosen to promote the carbonation reaction, which naturally takes place
with atmospheric carbon dioxide.

The reaction mechanism occurring during the stabilization, is due to the amor-
phous colloidal silica reactivity. The adsorption of metal ions seems take place on
the silica surface, and can be explained on the basis of the surface complex for-
mation model. The hydrolysis of silicon dioxide produces hydrous oxide surface
groups —SiOH (the silanol groups). When colloidal silica is added to a solution
containing leachable metals, the sorption of metal ions on silica can occur by the
cation exchange reaction through the substitution of protons from silanol groups on
the surface by the metal ions contained in the solution (Srivastava et al. 2006). This
reaction mechanism can be represented as:

m(—SiOH) <— > m(-Si0O~) +mH™"
A" £ m(-Si07) <— > A(0Si—)" ™

and the overall reaction can be written as:
A" 4+ m(—SiOH) <— > A(0Si—)"™ " + mH*

where A" is the metal ion with n* charge, SiOH is the silanol group on SiO,
surface, and mH" is the number of protons released (Bosio et al. 2014a).

To verify the efficacy of the stabilization procedure, leaching solution of MSWI
fly ash and stabilized samples are prepared and analyzed.

Leaching tests consist in the realization of an aqueous leaching of the material
which must be analyzed, to verify the presence of soluble heavy metals. The tests
are generally realized following the European Committee for Standardization
normative (EN 2002).

Some results of leaching tests, made on a MSWI fly ash sample and corre-
sponding stabilized material, are shown in Table 2.1. Analysis were made by means
of inductively coupled plasma (ICP) spectroscopy. Data show that the main soluble
heavy metals, present in MSWI fly ash are Pb and Zn. Generally Hg, Cd, Co, Mn,
Se and V are below instrument detection limits. Data reported in Table 2.1 also
show that the stabilization treatment reduces the amount of soluble Pb ad Zn. The
amount of leachable Si, in the stabilized material, is increased due to the use of
amorphous silica as stabilizing agent.

Figure 2.2 shows Pb and Zn concentrations in the leaching solutions of stabi-
lized samples, as a function of added silica gel amount. The zero point of the silica
corresponds to concentration of metals in the MSWI fly ash leaching solution, i.e. in
the leaching solution of fly ash, before stabilization (Bosio et al. 2013). Data of
Fig. 2.2 are presented in logarithmic scale, due to the change of about two orders of
magnitude in the metals’ leaching, as a function of the quantity of employed silica
gel. These data show that the quantity of leachable metals depends on the content of
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Table 2.1 Concentration of  plement | MSWI fly ash (mg/l) | Stabilized material
elements deteqed in the (mg/l)
leaching solutions of MSWI
fly ash sample and As <0.02 <0.02
corresponding stabilized Ba 242 0.81
material. Analysis were made  Be <0.02 <0.02
by means of inductively Bi <0.02 <0.02
?fc‘lgei)gclf:g:jopy Ca 6672.69 1741.22
Cd <0.02 <0.02
Co <0.02 <0.02
Cu 0.06 <0.02
Fe <0.02 <0.02
Hg <0.02 <0.02
K 17,966.00 3150.00
Li 2.69 0.99
Mn <0.02 <0.02
Mo 0.51 0.25
Ni <0.02 <0.02
P <0.1 <0.1
Pb 77.34 <0.02
S 1583.78 283.66
Sb <0.02 <0.02
Se <0.02 <0.02
Si 0.11 8.68
Sn <0.02 <0.02
Ti <0.02 <0.02
TI <0.02 <0.02
\Y% <0.02 <0.02
Zn 11.93 <0.02
Zr <0.02 <0.02

silica used in the stabilization process. The leachability of heavy metals into
solution decreases because of the increase in the efficacy of the stabilization
technology.

Despite the fundamental role of amorphous silica in the stabilization of MSWI
fly ash, the reaction mechanism of the COSMOS technology involves also car-
bonation reactions.

Carbonation of MSWI fly ash can naturally occur as a result of weathering
processes upon contact with atmospheric carbon dioxide, during temporary storage,
and is commonly associated to a pH decrease (Belevi et al. 1992) from 12 to 13
(strongly alkaline) to lower values (generally 8-10).

The main crystalline phase in MSWI fly ash responsible of carbonation is
CaCIOH, and the reaction can be written as:
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Fig. 2.2 Pb and Zn concentrations in the leaching solutions of stabilized samples, as a function of
added silica gel quantity (Bosio et al. 2013)

2CaCIOH + CO, — CaCl, + CaCOs + H,O

Unfortunately, the natural carbonation process of MSWI fly ash is generally
quite slow and becomes significant only over horizons of several years. As a
consequence, accelerated carbonation of MSWI fly ash has been proposed as a
possible carbon dioxide capture and storage technology (Fernandez Bertos et al.
2004), with the advantage of heavy metals mobility reduction. In the COSMOS
stabilization technology, the carbonation of the stabilized material, due to the
reactions promoted by the new technology, has been detected and quantified. The
carbonation reactions typically occur during the samples drying, and they are more
effective if samples are naturally aged in air. Depending on temperature and
humidity conditions, generally these reactions naturally occur in one-two months.
However, it is possible to accelerate them by treating the samples in a oven, at
temperatures of about 100 °C for few hours (generally less than 4 h).

XRD spectra collected on stabilized samples, obtained by using amorphous
silica and FGD residues, suggest that the following additional carbonation reactions
occur:

Ca(OH), + CO, — CaCOs + H,O

On the basis of this reaction, it is evident that flue gas desulphurisation residues,
which contains calcium hydroxide, is a fundamental ingredient in the proposed
COSMOS technology, not only because it promotes carbon dioxide sequestration,
with high environmental advantages, in terms of CO, footprint, but also because
carbonation reaction seems to promote metal entrapment (Bosio et al. 2014b), with
synergic effects with amorphous silica action. As a consequence of these reactions,
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the carbon dioxide sequestration quantity, in respect to the MSWI fly ash, results
about 100 g/kg for the proposed COSMOS technology. This is about double in
respect to data reported in literature on similar MSWI fly ash (Bosio et al. 2014b).
The carbonation of alkaline fly ash, with the consequent formation of calcite
(calcium carbonate), reduces the pH value of the mixture from 12-13 to 8-9. For this
reason, carbonate is often measured as total alkalinity of the ash (Chandler et al.
1997).

It was reported that the MSWI fly ash is a pollutant dangerous for humans and
the environment. Recently biotoxicity tests have also demonstrated that the stabi-
lization of MSWI fly ash with classical methods (i.e. using concrete matrices)
allows to obtain a material, that is not biologically safe (Guarienti et al. 2014,
2016).

The experiments were based on the evaluation of the mortality rate and
assessment of morphological developmental hallmarks and teratogenic defects in
zebrafish embryos exposed to increasing concentrations of the investigated sub-
stance ranging between 1.25 x 10*and 1 x 10° mg/L. The same experiments were
made of stabilized MSWI fly ash obtained by the COSMOS technology.

In the last case, no significant mortality and defects on development stages were
observed in embryos exposed to solutions of stabilized MSWI fly ash. This allows
to deduce that the developed stabilization technology provides a biologically safe
inert.

Because of the cost and the sustainability of the COSMOS process resulted
highly dependent on the colloidal silica quotation, the technology was improved by
the substitution of commercial colloidal silica with rice husk ash (RHA), an agri-
cultural by product of the rice cultivation (Bontempi et al. 2015).

Rice husk (RH) is the outer shell enclosing the rice grain. It is a by-product
deriving from the processing of rice and represents an interesting material for
composition, availability and cost. Indeed, RH contains about 20% of amorphous
silica and, when it is burn for thermal recovery, the percentage of silica passes from
20% in RH to 80% (even 90% in case of proper combustion) in RHA. Rice husk
ash is then considered as an excellent source of silica suitable for reuse as raw
material. The project, which employ RHA as a silica source, was named
COSMOS-RICE (it was realized in 2013-2015). Initially the silica gel employed for
the stabilization process was extracted from RHA. Then, RHA was directly added
to other ashes, because the alkaline conditions established by all used fly ashes
promoted the silicates availability directly in the solution (Bosio et al. 2014b).

COSMOS-RICE project demonstrated the capability to produce new fillers, by
using stabilized wastes, and to obtain attractive and sustainable products that can
compete with the market of natural raw materials on the global stage.

The obtained material has been employed to realize several composites, such as
bitumen, tiles, and objects in polypropylene and resins (COSMOS-RICE) (see
Fig. 2.3) (Benassi et al. 2015). The zebrafish embryos tests, made on samples
stabilized by the use of RHA, confirmed that the obtained material is safe (Guarienti
et al. 2016), in respect to starting MSWI fly ash, that, as expected, is very toxic for
zebrafish embryos.



2.1 A New Sustainable Filler from Waste: COSMOS Technologies 37

Fig. 2.3 Picture of some composites made in resin and polyamide containing stabilized fly ash
(COSMOS) (Benassi et al. 2015)

The environmental and economic sustainability of the new proposed
COSMOS-RICE technology is based on the fact that all the materials employed in
the stabilization reactions are wastes and by-products, with a consequent very low
embodied energy of resulting final material.

As already diffusely discussed in Chap. 1, the critical raw material initiative (EC
2011) has pushed the European policy to pay major attention to the fundamental
role of raw materials to guarantee the European living standards. The capability to
develop new materials, by optimizing the resources and minimizing the wastes,
coupled with the technological innovation and new design concept, is a funda-
mental aspect for competitiveness and growth. COSMOS-RICE technology is a
virtuous example of this: the obtained filler can be used to realize new sustainable
composites. The European need of raw materials must force the research policy
towards development of innovative solution for raw materials substitution.

The COSMOS-RICE technology was proposed and optimized by using the
ashes available in north Italy, where the technology was born and assessed.
Moreover MSWI fly ash is present in all European countries (and practically in all
the world) and its quantity is continuously increasing (see Fig. 2.1). As a conse-
quence, to guarantee the possibility to apply the same stabilization process in all
countries, where for example the availability of RHA and other fly ashes is not
guaranteed, adequate substitutes of some raw materials used in the process were
also proposed.

Because of silica fume can be considered one cheap amorphous silica source,
and it is available almost in all the Europe, the technology was optimized also by
using this by-product as amorphous silica source (in substitution of RHA and
colloidal silica).

Additionally, the technology was assessed to be applied also in countries where
the availability of FGD residues and/or coal fly ash is not guaranteed.

Amorphous silica source is necessary to promote heavy metals entrapment, as
already reported and discussed (Bontempi et al. 2010). COSMOS-RICE project
demonstrated the possibility to employ RHA as a source of silica, to substitute
commercial colloidal silica use. However, in principle, also other by-products,
containing amorphous reactive silica, can be employed instead of colloidal silica. In
particular, the stabilization material that contains amorphous silica is chosen as a
function of its sustainability and local availability. Very recently it was also showed
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that silica fume can be considered a low-cost valid alternative silica source (Rodella
et al. 2014).

Silica fume is a by-product of the silicon and ferro-silicon industry. It is formed
by condensation from the vapor phase of SiO,. In this material, generally, 85-95%
of the contained silica fume is in the form of amorphous silica (Bonen and Khayat
1995), with sizes ranging between about 0.3-1 um (Diamond and Sahu 2003).
Silica fume is generally supplied for use in building applications because it is a
pozzolanic admixture that is effective in enhancing the mechanical properties of
concrete to a great extent (Siddique and Khan 2011).

For a better handling of this by-product, and to decrease its cost of transport,
silica fume is also produced in a more compacted form, i.e. densified silica fume.
The compact form of silica fume is generally obtained by air flotation of starting
material within silos. The end products of this process consist in amorphous silica
agglomerates of various shapes and of sizes much larger than the original clusters.
This agglomerates range in size from about 10 microns to as much as several
thousand of microns (Diamond et al. 2004).

To preserve the amorphous silica reactivity, for the building application (and for
COSMOS technologies), the densification process is made at temperatures lower
than the melting point of silica. Thus, it is expected that the agglomerations formed
during the densification are formed avoiding any additional permanent bonding
between individual spheres (Diamond et al. 2004).

Calcium hydroxide, Ca(OH),, was proposed as possible substitute of FGD
residues, where by-products of coal desulfurization are not available. Indeed, cal-
cium hydroxide is an abundant and low-cost material, which has been used for
approximately 2000 years in building applications, as for example in mortar,
external render, flooring, internal plaster, foundations, decorative applications and
so on (Carran et al. 2012). Calcium hydroxide naturally reacts with the carbon
dioxide contained in the air, to produce calcium carbonate (the already discussed
carbonation reaction). This must be considered when calcium hydroxide is
employed in the stabilization procedure.

To take into account the local availability of raw materials used in the stabi-
lization process, some innovations to the traditional COSMOS technology have
been proposed (Rodella et al. 2016). In particular, coal fly ash was not considered in
the procedure. Fly ash from coal fired power plants is generally used as milling
additive to Portland cement (see Chap. 1). This makes this material sometimes not
available in some countries. This material was used, in the COSMOS technology, to
improve the mechanical characteristics of the obtained filler. As a consequence the
possibility to realize the stabilization process removing coal fly ash is considered.
This was done, because the coal fly ash can have a commercial value, that generally
is considered higher in respect to other residues.

A mixture of MSWI fly ash (130 g), FGD residues (70 g), and silica fume (20 g)
was incorporated to 200 mL of milliQ water, and then stirred for 30 min in a
laboratory mixer at room temperature. This sample is the reference sample
(SF + FGD) (Rodella et al. 2016). Other stabilized samples were obtained by using
densified silica fume (dSF) instead of silica fume (SF) as amorphous silica source.
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FGD residues were also substituted with calcium hydroxide (Ca(hd)) powders in
some samples. The quantity of materials which substitute some ashes in the
described procedure was taken equal to original substituted materials.

The pH value of the leaching solutions was also measured. This allowed to
evaluate the occurrence of carbonation in the final obtained materials. Indeed,
carbonation reaction decreases the pH of the MSWI fly ash (generally 12-13) to
values of about 8-9.

To check the efficacy of the stabilization process, leaching tests on all samples
were performed according to the European Committee for Standardization nor-
mative (EN 2002), in order to quantify the leachability of heavy metals in water.
Leaching solutions were realized by tacking the solid-to-liquid ratio equal to 1/10.

The concentration of Pb and Zn in the leaching solution of all stabilized samples,
obtained by using different raw materials, are shown in Fig. 2.4 (Rodella et al.
2016).

The y-axis in Fig. 2.4 is limited at the concentration of 3 mg/L, to compare the
residual quantities of heavy metals that can be found in the stabilized samples. As a
consequence, the concentrations of Pb (104 mg/L) and Zn (8 mg/L) in the leaching
solution of the starting MSWI fly ash result out of the scale.

To properly understand and discuss the data reported in Fig. 2.4, it is important
to highlight that better stabilized samples exhibit lower soluble heavy metals
(mainly Pb and Zn) concentrations in their leaching solutions, in respect to samples
that have high amount of soluble metals. By analyzing these data it appears that
sample SF + FGD, i.e. using silica fume and FGD residues in the procedure, results
to be the best (Pb is undetectable and the Zn concentration is about 0.25 mg/L). As
a consequence, it is confirmed that the already established stabilization procedure
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Fig. 2.4 The concentration of Pb and Zn in the leaching solution of MSWI fly ash and stabilized
samples, obtained by using different raw materials. SF silica fume; dSF densified silica fume;
Ca(hd) calcium hydroxide; FDG FGD residues (Rodella et al. 2016)
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(Rodella et al. 2014) for heavy metals stabilization, based on the use of amorphous
silica source (SF), with the addition of FGD residues, results extremely effective in
Pb and Zn stabilization. Moreover, also sample dSF + FGD shows comparable
results, with slight high concentrations of Pb and Zn in the leaching solution; this
sample was obtained by applying the stabilization procedure, with only one dif-
ference: silica fume was substituted by densified silica fume. This leads to the
conclusion that, despite that also dSF can be employed as silica source, the reac-
tivity of condensed silica fume seems to be less than corresponding non-condensed
silica. The decreased reactivity of silica fume, due to the densification procedure,
was already reported in literature (Mitchell et al. 1998). In particular, during the
cement production, it was found that the densified silica cannot be easily dispersed
during the mixing procedure, due to the impossibility in the complete breaking of
silica agglomerates. Although the reduced reactivity of condensed silica fume, the
stabilization procedure can be optimized, probably by increasing the quantity of
used dSF in respect to the MSWI fly ash amount.

Samples SF + Ca(hd) and dSF + Ca(hd) generate the leaching solutions with the
higher quantities of leachable Pb and Zn. These two samples were obtained by
employing calcium hydroxide powder instead of FGD residues. Then it is possible
to conclude that the efficacy of FGD residues in heavy metals stabilization seems
higher than that of low-cost calcium hydroxide powder. However, even with the use
of this powder, optimization of the stabilization procedure is possible, for example
by increasing the amount of the added silica fume.

Figure 2.4 also reports the pH of the leaching solution of original MSWI fly ash
(12.5) and the pH of the leaching solution of the COSMOS samples obtained after
the stabilization reactions.

Comparing the pH values of leaching solutions, it is evident that sample
SF + FGD and dSF + FGD that exhibit the better results in terms of heavy metals
stabilization, show a lower pH, in respect to other samples. It is possible to con-
clude that, as already shown for samples stabilized by using RHA, also for these
COSMOS samples carbonation reactions causes a pH decrease. It contributes to
increase the efficiency of stabilization, because the pH lowering causes the reduc-
tion of the heavy metals mobility. This is more effective for samples realized with
FGD.

Very recently (Benassi et al. 2017) it was finally shown that FGD residues can
be also substituted by wood ash, the waste obtained from domestic biomass
combustion. In particular, the presence of CaO in these ashes supported the decision
to use wood biomass ash as a source of calcium hydroxide in the process.

2.2 Plastic Industry in Europe

In the previous paragraph it was introduced the possibility to reuse COSMOS inert
as a filler in plastics (some examples of already realized composites are reported in
Fig. 2.3).
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Due to their many and different applications, plastic composites are now fun-
damental for global world economy. Indeed, the use of an inert, in partial substi-
tution of a polymer, allows obtaining several advantages, as for example concerning
the reduced cost of the final obtained composite. In addition, the replacement of part
of polymer with a low-energy material (i.e. with a material with low embodied
energy), involves an increase of the final product sustainability (with a decrease of
its environmental cost). The other main reason to produce composites is related to
the possibility to modify the properties of the obtained material, in respect to the
starting virgin polymer. For example, mechanical properties of a composite can be
very different from those of the corresponding matrix.

The reuse of materials produced from wastes as filler for plastics can be an
opportunity for Europe, where the plastics market is very active and productive.

Despite the economic crisis the world plastics request is continuously increasing,
starting from 2009. The world plastics production was about 311 Mtonnes in 2014
(PlasticsEurope). Figure 2.5 shows that in Europe the plastics production is quite
stable: Europe has an annual production of about 59 Mtonnes of plastics
(PlasticsEurope). On the contrary the world production is increasing from 2010, due
to the increased request of developing countries.

China is the largest producer of plastics (thermoplastics and polyurethanes)
materials (26% of the market). Europe is the second plastics world producers (about
20% of the market) (PlasticsEurope). The EU plastics demand was about 47.8
Mtonnes in Europe in 2014. This highlights that the EU production of plastics
exceed the internal request, with a resulting export market which is higher than
import.

Europe has a positive trade balance in plastics manufacturing and processing
(PlasticsEurope). Indeed, the exports in both these two sectors are higher than the
imports. The EU positive trade balances in plastics manufacturing and processing
are shown in Fig. 2.6. It is evident that the trend of both trade balances is also
increasing starting from 2009, consolidating the EU world market on plastics.

About 40 years ago the increasing of oil prices made necessary the replacement
of some expensive polymers with more economic fillers. The term “filler” is too
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generic, because several typologies of materials, other than polymers, can be used
as additive, to obtain a composite. Moreover, in this book the interest is mainly
devoted to natural resources. Then the fillers considered in this work are natural
inorganic solid particulates that are used, in most cases, in reasonably large amount
in plastics.

It was reported that thermoplastics, filled with several inorganic fillers, such as
talc, calcite, clay, mica, and carbon black can successfully bridge the gap in per-
formances between near commodity plastics, engineering resins, and short fibers
reinforced thermoplastics (Jancar et al. 1999).

The European plastics demand is higher than 45 Mtonnes per year, with
polypropylene, which is the most required polymer (about 10 Mtonnes per year).
Figure 2.7 shows the EU plastics demand by polymer from 2012 to 2014
(PlasticsEurope). These data are in accord with those reported in Chap. 1, showing
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Fig. 2.7 EU plastics demand by polymer (data for 2014, 2013, and 2012) (PlasticsEurope)
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the world annual materials production (data from (GRANTA). It is evident that the
most requested and produced polymers (PP, PE, and PVC) result the most inter-
esting materials to be tested as a matrix for composites production, with the addition
of COSMOS.

The inorganic fillers family contains oxides (glass, MgO, ZnO, Sb,0;, Al,Os,
and Si0,), hydroxides (mainly Al and Mg hydroxides), salts (carbonates, sulphates,
phosphates, and hydrotalcite), silicates, and metals (Xanthos 2010). Antimony
trioxide (Sb,0O3) is often used as a synergic component in combination with
halogenated fire retardants. Unfortunately Sb is a critical raw material, then the
necessity of its recovery and/or substitution is urgent. This will be diffusely dis-
cussed in the next paragraph.

In general, the main parameters affecting the properties of polymer composites
are the following:

— the filler properties (size, and shape);

— the filler and matrix composition;

— the surface adhesion between the components;
— the synthesis method (Xanthos 2010).

The plastics filler market cannot be quantified, due to different amounts and types of
fillers used. Moreover, literature reports that about 30% of polymers made world-
wide it is used for composites production (Jancar et al. 1999). This makes the
possibility to substitute the natural filler employed in composites with materials
obtained from waste a very promising approach to increase the sustainability of
plastic sector.

2.3 Alternative Plastic Composites: Increased
Sustainability by Substitution of Natural Fillers

As reported in Sect. 2.1, stabilized fly ash material results chemically stable due to
silica network formed by added silica and to carbonation reactions. In particular
carbonation reactions are quite slow, then the stabilized sample aging promotes its
chemical stability. Samples stability was verified and confirmed by leaching tests
made on COSMOS samples, two years after stabilization. One advantage of the
produced material is its physical form: it is a powder, then it can be used as a filler
in a composite, realized by mixing a matrix with a powder. As a consequence, in
principle this material may be used with all matrices requiring inorganic filler.

To evaluate the environmental sustainability of the proposed new filler embodied
energy (EE) and carbon footprint (CF) of the synthesis procedure were evaluated.
On the basis of the reported stabilization procedure (described in Sect. 2.1) it results
that COSMOS material generally has an EE ranging between 0.779 and
0.859 MJ/Kg and a CF ranging between 0.016 and 0.028 kg/Kg. These values have
been calculated in accord with the principle to use local raw materials for MSWI fly
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ash stabilization. Indeed, as explained in Sect. 2.1, the COSMOS technology
requires an amorphous silica source, for heavy metal stabilization. This was orig-
inally obtained by using a colloidal silica solution. However, due to the low sus-
tainability of this commercial product, the technology was assessed by the
substitution of colloidal silica with rice husk ash (RHA) or silica fume. The second
fundamental ingredient is FGD residues. The possibility to use inexpensive calcium
hydroxide (or calcium oxide, available in wood biomass ash), instead of FGD
residues, when these by-products are not locally accessible, was also investigated.
When the basic materials for stabilization are not locally available, EE and CF must
be calculated taking into account also materials transport. For example, in the
eventual stabilization of MSWI fly ash in Russia, using RHA as silica source, where
RHA is transported for several kilometres (for example from Italy) because it is not
locally available, the CF contribution must be reconsidered to take into account also
carbon footprint due to the RHA transport.

Figure 2.8 shows the EE and CF of the obtained COSMOS inert (represented as
green stars), as a function of their price (Bontempi 2017). For comparison also
some other ceramic materials, which are used as a filler, for example in the building
applications, are also considered. They are all natural resources, generally available
in many locations around the world. Data are obtained from CES selector
(GRANTA). The natural resources used for construction, mainly calcite and sand,
are not expensive, and often can be found locally, saving transport costs and CO,
emissions. These materials are also minimally processed (they are often used as
well). This, coupled with minimal transport, results in relatively low embodied
energy and carbon footprint figures. Other materials are reported for comparison, as
for example glasses, silicates, titanium dioxide, and halite (sodium chloride). EE
and CF of engineering bricks, mainly used in building applications, are also shown.
Figure 2.8 indicates that, among the reported materials, the most sustainable are
halite, dolomite and wollastonite. Bricks are made primarily from clay and shale.
Both materials are abundant nontoxic natural resources, and can be found in many
locations around the world. Bricks are used in building for their durability (hun-
dreds of years) and low maintenance. Then, despite bricks have a relatively high EE
and CF, this can be offset by their durability (Calkins 2009). From a rapid analysis
of Fig. 2.8 it appears that the new proposed inert can be compared to calcium
carbonate, in terms of energy and environmental parameters, which are chosen to
quantify the sustainability of a material. The price, which is used to evaluate the
commercial applications of a material, is a fundamental criterion, that is also
considered, because it can be related to the market possibilities of the considered
material. The price of stabilized material was tentatively calculated on the basis of
LCA evaluations (COSMOS-RICE) made on the technology and considering dif-
ferent final uses.

From data shown in Fig. 2.8 it is evident that the new proposed inert is more
sustainable if compared to some other natural resources, as for example talc,
marble, and sandstone. Then its market applicability is potentially very promising.
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Fig. 2.8 Embodied energy and carbon footprint of some ceramic materials that are used as a filler
(Bontempi 2017). Other materials are reported for comparison, as for example glasses, silicates,
titanium dioxide, halite (sodium chloride), and bricks. The values of EE and CF of COSMOS inert
are represented as green stars

As already discussed, one of the main advantage of the new proposed material is
related to its physical form: the COSMOS material is a powder, that it can be
applied as a filler.

To choose the most suitable application, the particle size analysis of the obtained
inert was also considered. Figure 2.9 reports an example of particles size distri-
bution for two obtained COSMOS materials, by using colloidal silica and RHA as
stabilizing agents. It appears that the particles dimensions distributions are quite
similar, with 80-90% of the particles having dimensions lower than 50 microns.
The maximum particles sizes are of the order of about 70—-80 microns. The absence
of any coarse aggregate is fundamental to guarantee the filler uniform distribution in
the matrix. Indeed the particles distribution in a matrix influences functional and
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Fig. 2.9 Particles size distribution for two obtained COSMOS inert materials, by using colloidal
silica and RHA as stabilizing agents. The two size distributions are quite similar

mechanical properties of the final obtained composite. The size distribution curve is
extremely important also to have an idea about the opportunity of inert injection, for
example for plastic composites realization.

The possibility to reuse the new filler in building industry was considered and
some obtained results were very promising (Zacco et al. 2012). Indeed, as already
reported, this filler is mainly composed of calcium carbonates and silicates phases
(crystalline and amorphous). However, it also contents soluble salts (such as NaCl
and KCl): the salts presence in stabilized material requires an additional step in filler
preparation, before its use in cement and concrete. Indeed, a washing process is
mandatory to remove soluble salts, which are deleterious for building construction.
This implies the increase in the cost and the reduction in the sustainability of the
stabilization technology, in terms of both EE and CF. For this reason the use of the
new filler was addressed to the plastic composites, with the aim to substitute natural
fillers, such as calcium carbonate and talc; in this case, indeed, the washing process,
to eliminate chloride, was avoided. A plastic composite is generally realized with
the reinforcement (powders and fibers) embedded in a polymer matrix. The matrix
holds the reinforcement while the filler material improves the overall mechanical
properties of the composite. In accord with data about plastics demand in EU
(discussed in Sect. 2.2 and shown in Fig. 2.7), polypropylene (PP) was chosen as
the matrix material, for the first tests, about COSMOS reuse as a filler.

PP is a thermoplastic polymer; it can be obtained by polymerizing propylene
molecules. PP possesses several useful properties like high heat distortion tem-
perature, transparency, flame resistance, dimensional stability (Shubhra et al. 2011).
The main fillers employed to realize PP composites are calcium carbonate and talc.

Talc, used for plastic composites, has generally two different sizes distributions.
The first, that is due to the coarse products, is comparable to those found for the
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new stabilized material (see Fig. 2.9), with a maximum size of about 75 microns.
Moreover, also fine talc exists, with particles size as low as 1 micron. Generally, in
application where talc is used as a filler, particles size varies in the range 0.2-6
microns (Xanthos 2010). Concerning calcium carbonate, grades of different particle
sizes are used depending on the polymer, the required mechanical properties, the
final application, and the fabrication method. Fine grades are generally between 3
and 7 microns (Xanthos 2010).

Polypropylene composites containing different amounts of stabilized COSMOS
material were synthesized and their mechanical properties were evaluated. The
experiments were made considering different typologies of stabilized materials, i.e.
based on use of colloidal silica, RHA, and silica fume (Besco et al. 2013, 2014). To
realize different tests, also the MSWI fly ash origin was geographically different.
However the mechanical performances of the obtained composites were always
comparable, suggesting that a slight variation on the COSMOS inert composition
don’t affect the composite mechanical characteristics.

The results about mechanical properties of the obtained PP composites are
shown in Fig. 2.10 (Bontempi 2017). In particular, this figure allows comparing
the results obtained in terms of mechanical characteristics, with literature data
concerning PP and PP composites, also considering different fillers typologies
[literature data were obtained from CES Selector (GRANTA)]. The attention was
mainly devoted to calcite (calcium carbonate) and talc, as they are the main fillers
already employed for PP composites. As a matrix, PP homopolymer and PP
copolymer are reported in Fig. 2.10. In the first case the material is obtained by
polymerization of propylene monomers. In the second case, comonomers are also
added in the copolymerization of PP. This allows to decrease the EE and CF of the
obtained matrix.
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Fig. 2.10 Mechanical properties of PP and PP composites, considering different filler typologies.
Data evaluated for PP-COSMOS composites are also reported as green stars (experimental data are
reported only for PP composites containing 30% of COSMOS inert) (Besco et al. 2013, 2014;
Bontempi 2017). Literature data were obtained from CES Selector (GRANTA)
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Data reported in Fig. 2.10 highlight that the addition of a filler in the PP matrix
improves mechanical resistance of the final composite. Data also show that the
elastic modulus of a composites result always higher than corresponding value of
the polymer matrix. The increased composite rigidity, in respect to the original
polymer, can be an advantage in some applications, but it can also be undesirable
for other utilizations. Data reported in Fig. 2.10 show that some fillers seem to be
more effective in the improving the mechanical resistance of the final composite.
For example talc seems to be more efficient in respect to calcium carbonate. This
can be also attributed to the low dimensions of particles size of talc (which are
generally in the order of 0.2-6 microns). The available data also consider the
addition of glass fibers in the composites. Fibers allow to obtain the higher
mechanical performances of PP composites, in terms of elastic modulus and
mechanical strength. Considering the same filler typology (as for example talc or
calcium carbonate), Fig. 2.10 also highlights that the increase in the mechanical
performance (mainly in the flexural and Young moduli) of the obtained composites
is dependent on the quantity of considered added filler. Results obtained for
composites containing lower COSMOS amount (5, 10, and 20%), but not shown in
Fig. 2.10, are generally in accord with the expected trend in mechanical perfor-
mances of PP composites, which are dependent on the added filler amount.
Analyzing mechanical performances of PP-COSMOS composites (represented with
a green star in Fig. 2.10) it can be concluded that they are comparable to corre-
sponding composites, obtained by using calcium carbonate as a filler. This result is
extremely important, because it highlights that a possible reuse for the new pro-
posed filler is now evident: plastic composites appears to be a very promising
application field for COSMOS reuse.

To evaluate the sustainability of the PP composites shown in Fig. 2.10, their EE
and CF are evaluated and reported in Fig. 2.11 [data were obtained from CES
Selector (GRANTA)]. Data for unfilled polymers are also reported. It is very
interesting to notice that sustainability indicators have a behaviour that is opposite if
compared to mechanical performances. Indeed, both EE and CF generally decrease
considering a PP composite in respect to the raw polypropylene. In addition, the
increase of the filler content corresponds to a linear decrease of EE and CF of the
composites. This is due to the fact that PP is a petroleum-derived product, then the
increased addition of a low EE natural resource, as for example calcium carbonate,
enhances the sustainability of the final obtained composite. PP composites realized
with calcium carbonate appear to be the most sustainable (less EE and CF) among
the reported literature data. Indeed, as already seen in Fig. 2.8, this filler has very
low values of EE and CF (respectively in the range of 0.5-0.6 MJ/Kg and 0.015—
0.017 kg/Kg), resulting lower more than 2 order of magnitude in respect to cor-
responding values of raw PP.

As expected the production of some filler materials in the synthesis of plastic
composites results less sustainable than the realization of corresponding composites
made with calcium carbonate (see for example talc and glass fibers PP composites
shown in Fig. 2.11). The higher EE and CF of PP composites made with other
fillers are in accord with data reported in Fig. 2.8, reporting EE and CF of all fillers
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Fig. 2.11 Embodied energy and carbon footprint of PP composites. Data evaluated for
PP-COSMOS composites are also reported as green stars. Literature data were obtained from
CES Selector (GRANTA)

considered in this chapter. In particular, glass fibers are less sustainable than the
COSMOS filler, with an EE and a CF mean value of 51.8 MJ/Kg and 2.99 kg/Kg
respectively. This represents a difference of about two orders of magnitude in
respect to the new proposed filler. Obviously glass fibers can be necessary to obtain
PP composites with high mechanical performances, indeed fibers can guarantee
improved characteristics, but with lower sustainability of final composites.

In literature other examples can be found in the use of materials obtained from
waste as filler for plastic composites. However, at the best of author knowledge, no
other recovered material results so convenient in term of energies and emissions
involved in its production, as COSMOS.
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For example pineapple leaf waste was proposed (Kengkhetkit and Amornsakchai
2014) to be added to polypropylene. However, despite that some mechanical per-
formances of the obtained composites are similar to those obtained by using the new
proposed inert, the EE for the production of the fillers from leaf waste is higher than
that of COSMOS materials.

One of the most useful visualization method for materials comparison and
screening is Ashby’s chart (1992). Ashby usually compares the relative mechanical
performance of a variety of materials for a specific constructive function. He has
also introduced the use of performance indices as design criteria. Materials com-
parison, to screen the most suitable material for a specific application, is achieved
by plotting the investigated materials characteristics and the performance indices
that are typically a mathematical combination of some material properties (gener-
ally mechanical performances). For this aim Weaver (Weaver et al. 1996) intro-
duced a performance index M, that is generally a function of two parameters. For
example, the necessity to optimize flexural strength (FS), taking into account EE,
can be obtained by plotting

M = FS/EE™

The default axes of the charts that show and correlate materials properties are
generally logarithmic, because material characteristics often cover large ranges of
values and it is essential to show all available materials for suitable comparison.

As a consequence the previous equation can be re-written as:

log FS = nlog EE + log M

A line of slope n on the log-log plot describes the index.

To properly take into account also the environmental properties of a material (a
composite in this case), during the design steps of a specific object, the mass (or
volume), the cost, or life must be considered, but also environmental parameters,
such as embodied energy and/or CO, footprint.

Figure 2.12 presents an Ashby plot, where flexural strength as a function of EE
for PP and PP composites is shown. The selected performance index M, with n = 1,
is also reported as resulting line, that indicates constant material performance. This
line was settled to intercept PP-stabilized material containing 30% of COSMOS. As
a consequence, the materials that lie on a contour have the same overall perfor-
mance index (e.g. flexural strength-embodied energy) as the chosen reference
material. It can be a guideline for material selection. All materials that lie above the
line have a higher FS-EE and are a better choice, if flexural strength must be
increased. On the contrary, materials that lie below are worse.

Ashby plot, reported in Fig. 2.12, is very useful for the following reasons
(Ashby 2007): (i) it allows easily visualize some functional (generally mechanical,
but in this case also EE) properties of selected materials, (ii) it concedes simplified
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Fig. 2.12 Ashby plot of flexural strength as a function of EE for PP and PP composites. The
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comparison of different materials, on the basis of selected characteristics, (iii) it
promotes the most efficient choice of the materials/manufacturing processes during
the product design stage, and (iv) it allows to investigate possible substitution of
materials that are unsustainable or very expensive, exploring the potential of one
material to replace another. The last possibility is the most interesting for the aim to
propose suitable substitute to some raw materials.

Ashby plot in Fig. 2.12 highlights that all PP composites, realized with the
addition of calcium carbonate or talc, have comparable mechanical performances, if
corresponding EE is considered. This means that generally the PP composites made
with calcium carbonate, talc, and the new stabilized filler are equivalent in terms the
investigated mechanical property with respect to their EE. This also means that, the
increased EE of PP-talc composites, in respect for example to PP-calcium carbonate
composites (see Fig. 2.12), can be justified in view of the increased mechanical
performances of the final materials.

Figure 2.12 shows that the increased EE of the PP-glass fibers composites can be
also justified by the high flexural strength that can be obtained for these materials,
that can be necessary for some (eventually limited) applications. Similar analysis
can be made in view of the performance index that must be optimized. This is an
example of material selection design, that accounts also for sustainability.

The potentiality of this method lies to the fact that alternative materials for
design can be compared in view of optimized performance indices, that account
also for sustainability. The method also has the great advantage of being able to
examine several raw materials and support on the selection of the most suitable one
for each application, representing a great support to sustainable design.
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2.4 A Substitute of Antimony, a Critical Raw Material

The European policy aims to reduce its economic dependency on imported raw
materials, because some of these are considered critical for Europe’s industries.
Several activities have been encouraged to guarantee the access to raw materials
within the EU and external sources, to promote resource efficiency, including
recycling, to push the research to find advancing alternatives to these materials
through substitution. According to an EU study (EC 2011) 14 materials are con-
sidered as critical within the EU. The definition is the following: “a raw material is
labeled ‘critical’ when the risks of supply shortage and their impacts on the
economy are higher compared with most of the other raw materials”. On this basis
antimony is classified as a critical raw material.

Figure 2.13 reports the annual world production of elements (with antimony that
is highlighted in the figure), plotted in respect to environmental country risk
Herfindahl-Hirschman Index (Rhoades 1993) evaluated in the CES Selector data-
base (GRANTA) and calculated as:

HHI = (Si)*(10 — EPL/10)

C

where:

EPI. the value of the Environmental Performance Index (calculated by Yale
University, based on the data of 2010) for the producing country c.
Sic  the % of worldwide production of the raw material i within country c.

This indicator represents the risk that worldwide supply of an element may be
restricted in future as a result of environmental protection measures taken by any of
its producing countries. Risk values are expressed qualitatively on a five-point
scale: Very high (>4), High (3—4), Medium (2-3), Low (1-2), Very low (<1).
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Fig. 2.13 Annual world production elements plotted in respect to environmental country risk
Herfindahl-Hirschman Index (Rhoades 1993). Sb is highlighted in the figure
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Figure 2.13 reports some other elements such as some rare earths (Y, Yb), W,
Nb, Mg, Ge, Pt, Ga, and Si. Au is also reported as a reference. On the basis of the
defined criteria, an HHI value larger than 3 represents a high environmental country
risk. Sb, Y, and Yb show an HHI index higher than 3,5. However, despite that Y
and Yb have a higher HHI index, in comparison to Sb, Sb is one of the most
requested elements, among the critical ones (its annual world production is the
higher among the most critical raw materials). Then a particular attention must be
devoted to find appropriate ways for its recycle and/or substitution.

The main diffused Sb ore is stibnite (Sb,S53), with valentinite (Sb,O3) phase, that
is a product of the stibnite oxidation, also quite extensively distributed in soils
(Filella et al. 2002). Antimony is generally employed as oxide. In particular,
antimony trioxide (Sb,03) is primarily used as a fire retardant in plastic as well as
electronic devices and household appliances. The use as flame-retardant in plastics
accounts for about 72% of Sb employ (see Fig. 2.14). It can also be used as a filling
agent for various rubber, ceramic and fiber products, as a pigment in oil paints, and
as a catalytic agent in organic synthesis. According to the U.S. Geological Survey,
China is the largest producer of Antimony metal, with 86% of antimony being
mined in China; followed by 3% in Tajikistan and Bolivia; 2% in Russia and South
Africa and 1% in Australia and Turkey. It is evident that, depending on the
changing on the government policies, China can affect the market of Sb, by
changing its price. In Fig. 2.14, the fluctuation of the last years price of Sb is
reported (USAC). This is due to the Chinese policy about the antimony export. It is
evident that this fluctuation could seriously affect the EU economy based on this
metal. Several other countries have restrictions concerning trade with antimony.
The world natural resources of this metal are expected to be exhausted in the several
8 years, then Sb is the first critical raw material with the higher urgency of sub-
stitution (EC 2011). As a consequence also British geological survey has listed Sb
on the top of three critically high-risk elements.
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Fig. 2.14 Antimony price per tons in the last 15 years. Sb main uses are also reported (in percent)
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As already reported, antimony is mainly used in flame retardants. Indeed, most
of the polymers used in our society are petroleum-based and hence are flammable.
Therefore, EU regulatory framework has developed some restriction about flame
behaviour of all objects made on plastics. Flame-retardants are materials added or
applied to reduce flammability, and to delay ignition of the obtained final products.
They are necessary to meet the legal requirement concerning safety conditions. The
main fire-retardants commercially available are based on halogens, then they are
diffusely employed. Brominated flame retardants (BFRs), for example, have been
widely used in electronic and electric equipment, furniture, construction materials,
and other commercial products (Brits et al. 2016). Antimony is mainly employed in
the form of antimony trioxide, as a catalyst, with halogen fire-retardants, to speed
the release of bromine or chlorine radicals. As a consequence, it is used as syn-
ergists with other materials. It also reacts with the halogen radicals, forming anti-
mony halogens that help remove the high-energy H and OH radicals, thus helping
suppress the fire (BuildingGreen). Antimony is used also in power transmission
equipment, batteries, and alloys.

With the increasing use of polymeric materials in construction, electronic and
computer equipment, global market demand for the flame-retardants has increased
substantially in the last years. As an example, the global market demand for BFRs
in 1990 was 145,000 tonnes (Pettigrew 2000). It grew to over 310,000 tonnes in
2000 (BSEF) which represents an increase of over 100% in one decade.

From an environmental point of view, Sb is a toxic metal. Antimony is a car-
cinogen and is comparable to arsenic for its chemical properties and its toxicity
(Westerhoff et al. 2008).

Due to adverse health effects, produced by antimony and its compounds, Sb was
listed as priority pollutants by the US Environmental Protection Agency (USEPA)
and the European Union (EU) (Wu et al. 2012).

Since 1997, the number of papers reporting the distribution, accumulation and
toxicity of brominated flame retardants and Sb has grown exponentially.

Research papers have demonstrated that also brominated flame retardants are
persistent and bioaccumulative. They have been found in different environmental
media and in biota (Besis and Samara 2012). The world diffused distribution of
some flame-retardants, including their revelation in remote areas such as deep
oceans and the Arctic catches now the attention not only of the scientific com-
munity, but also of the public and politicians (de Boer et al. 1998). Several studies
in the indoor environment have focused on BFRs presence in dust (Wilford et al.
2004). Moreover, the humans are exposed to these pollutants also by diet (Domingo
2004). It was already shown that some plastics bottles containing drinking-water
can produce co-leaching of brominated compounds and antimony (Andra et al.
2012).

The concerns about these substances are very high due to their toxicity.
Moreover also the environmental cost, due to their disposal is very onerous. For
example, in construction and demolition waste management, most construction
materials are inert, and can be considered as nonhazardous waste. On the contrary,
other building materials contain hazardous substances, as for example flame
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retardants in wires and cables. As a consequence, this limit the recycling and
recovery possibilities of all waste building, increasing the cost for their manage-
ment. There are also several risks that these contaminants will be released into
various environmental media (e.g. water, sediment, and soil) when hazardous
construction and demolition wastes are landfilled.

An interesting characteristic of the new filler (COSMOS) is related to its
capability to improve the polypropylene thermal stability.

To test the polypropylene composite fire-resistance property, UL 94 Standard for
Tests for Flammability of Plastic Materials for Parts in Devices and Appliances was
applied. This test is widely used both in industry and academic research centers. It
is released by Underwriters Laboratories of the United States. It covers tests for
flammability of polymeric materials used for parts in devices and appliances and it
is used to group materials into categories based on their flammability. This standard
can be used as a preliminary indication of a material acceptability with respect to
flammability for a particular application (UL94). In addition it is a very useful test,
because it is quite simple to be realized, don’t requiring specific apparatus. The test
is used to verify the flammability of the composites in vertical position, in accord to
the schema reported in Fig. 2.15. At least 10 different specimens for each test are
generally used for statistics. Their dimensions are: length 125 £ 0.5 mm, width
13 £ 0.5 mm, and thickness 1.6 mm. They are fixed in vertical position at a dis-
tance of 10 mm from the bunsen, with the test flame impinging on the bottom of the
sample. After the flame ignition, the bunsen is removed. The time required for flame
extinction can be evaluated and the eventual sample drip is collected on cotton. To
achieve a V rating (e.g. V-0, V-1, or V-2) the samples must extinguish within
specified times, not burning to the top clamp or dripping molten material which
ignites a cotton indicator. Composites prepared with MSWI fly ash and with sta-
bilized MSWI fly ash were tested. All samples were synthesized by using 25% of
the filler in a polypropylene matrix. Results, made on at least 10 specimens for each
test, showed that composites containing the new filler can be classified as V-2. On
the contrary, composited containing raw MSWI fly ash were not classified (N.C.).

Fig. 2.15 Schema of the
apparatus used for UL 94
Standard for Tests for
Flammability of Plastic
Materials for Parts in Devices
and Appliances.
Classifications of tests results
are also reported

< Surgical
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These preliminary results are very promising, suggesting that this filler has great
potentialities to be used to increase the thermal stability of polymer composites.
Because COSMOS is generally employed as a filler, then in higher quantities in
respect to the commercial flame-retardants and Sb, it would be very interesting, in
the near future, to investigate the synergic effect of using COSMOS with sustain-
able flame retardants, other that BFRs and antimony oxide.

Additionally the inorganic nature of the new filler makes it more suitable for
combustion, in respect to organic compounds. Indeed, during the process of
interference with flame, BFRs can reach high temperature, with consequent
decomposition. Decompositions of BFRs have produced some concerns, with
regard to the release of toxicants compounds, as for example brominated diben-
zodioxins and furans (Thoma et al. 1986).

Thermogravimetry analysis (TGA), that measures the amount of weight change
of a material, as a function of increasing temperature, showed that degradation of
the BFRs starts with the formation of Br-radicals and the abstraction of hydrogen by
radical transfer reactions, with HBr being the main product of the fire retardant
degradation. The elimination of HBr was generally reached at about 500 °C.
Brominated aromatic compounds, that are harmful, are generally formed between
270 and 400 °C (Grause et al. 2008).

TGA and corresponding derivative thermogravimetric analysis (DTG) diagrams
obtained from stabilized sample (COSMOS inert) are shown in Fig. 2.16. The 1st
derivative of the TGA curve, DTG, gives the decomposition rate and is useful to
precisely highlight the mass loss steps. From TGA curve it is evident that a weight
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Fig. 2.16 Thermogravimetry analysis (TGA) and corresponding derivative thermogravimetric
analysis (DTG) diagrams obtained from stabilized sample (COSMOS inert)
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loss of the sample gradually occurs, when the temperature increases. Some peaks
are present in the DTG diagram. The first peaks appears at temperature lower than
200 °C. Other peaks can be found in the range of about 600700 and 700-900 °C.
Some bumps in the region of 350-600 °C are also visible. These curves (TGA and
DTG) are very similar to those already found for samples, that were stabilized by
using the same technology, but some different raw materials (Benassi et al. 2017).
Indeed, as already discussed, the proposed stabilization technology, that was
optimized by using several by-products, can be realized by using different raw
materials, on the basis on the local materials availability.

No data are available in literature to compare the results about thermal analysis
of stabilized MSWI fly ash samples. However, a comparison can be made with
thermal investigations directly made on MSWI fly ash. An interesting difference
between TGA curves of stabilized fly ash and the corresponding raw fly ash
material can be attributed to the absence of a fast reduction of mass between 531
and 660 °C, for stabilized sample, that can be attributed to the decomposition of
calcium hydroxide. Indeed, in the stabilized samples, this phase is transformed into
calcium carbonate, by carbon dioxide sequestration, to due carbonation process
involved in the stabilization reactions. For MSWI fly ash, a mass loss between
about 950 and 1240 °C, is caused by decomposition and/or volatilization of
chlorides (mainly NaCl and KCI), that are present in large amount in this ash
typology. This temperature range was not investigated for the present sample.

For samples stabilized with COSMOS technology, a mass spectrometer was also
employed to evaluate which gases are emitted during the heating process at the
same time of sample volatilization. Then, TGA analysis was coupled with a mass
analyzer, in order to detect and analyze these gases over a temperature range. The
results obtained are discussed in a very recent work (Benassi et al. 2017), and they
are very similar to those reported in Fig. 2.16.

It was shown that, in the investigated range of analysis, the main detected gases
are H,O, CO, and SO,. In particular, the analysis reveals that the mass decrease till
to about 200 °C is attributed to water evaporation. Then the first peaks till about
200 °C are due to the removal of physical adsorbed water. In TGA curves made on
raw MSWI fly ash, some peaks are found in the range of 350-550 °C and they are
attributed to the removal of hydration and institutional water as well as burning of
organic substance (Haiying et al. 2010). In the present case only some bumps in the
region of 350-600 °C are visible. Other peaks can be associated to CO, evaporation,
then to calcium carbonate decomposition. Indeed, according to literature results,
three modes of calcium carbonate decomposition can occur (Thiery et al. 2007).
They can be separated when the level of sample carbonation increases: mode I
(780 °C < T <990 °C), mode II (680 °C < T < 780 °C), and finally, mode III
(550 °C < T < 680 °C). Mode I is attributed to the decomposition of calcite, the
highly crystalline CaCO5 phase. Mode II is associated to the decomposition of a
calcium carbonate phase with lower crystallinity, as for example vaterite (Sauman
1971), in respect to CaCOj;. Finally, mode III decomposition is referred to the
presence of amorphous calcium carbonate (Thiery et al. 2007). These three
decomposition modes can be found in the DTG curve shown in Fig. 2.16. These
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three modes can be clearly distinguished also in the DTG diagrams of all stabilized
samples (Benassi et al. 2017), made by using wood pellet ash. In addition, mass
spectroscopy referring to CO, evaporation showed a behaviour that is consistent
with the DTG trend from about 500 °C to about 900 °C. This result is very
important, because it is shown that stabilized samples contain large amount (also
higher than 40%) of calcium carbonate (Benassi et al. 2017), which is obtained by
carbon dioxide sequestration of the realized mixture during the stabilization process.
In addition, mass analysis shows that the main detected gases are H,O, CO, and
SO,, with the last gas produced at high temperatures (in the range of 780-990 °C)
and attributed to the decomposition of sulphate phases. As a consequence the
eventual new filler decomposition don’t produce environmental concerns, if the
COSMOS filler will be used as commercial flame-retardants composites.

It is clear that, in view of these results about the high amount of calcium
carbonate phases present in COSMOS samples, the carbon footprint (CF) of the
material obtained by the proposed stabilization technology should be revised. In
particular, due to the carbonation relations that allow sequestering carbon dioxide in
the stabilized material, a lower CF should be attributed to the obtained new filler.

Figure 2.11 shows some interesting results about the use of flame-retardants in
plastic composites, that weren’t discussed before. These compounds have high
embodied energy (EE) and carbon footprint. This can be clearly appreciated con-
sidering PP, with no filler addition. It results that also for nearly pure PP (with the
addition of only flame-retardants) these compounds contribute to increase CF and
EE of the matrix.

As a consequence, all the composites containing conventional flame-retardant
additives are placed in the higher regions of Fig. 2.11. In conclusion, the substi-
tution of commercial flame-retardants, made on Sb and BFRs, will permit not only
to preserve natural resources, but also to increase the sustainability of the final
obtained composites.
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