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Deactivated (detoxified) asbestos-cement (DAC), i.e. asbestos-cement slates thermally treated at 1100 °C in order
to convert the harmful asbestos fibers into non harmful mineral phases, has been successfully mixed with 74.6 wt
% quartz sand and up to 63.2 wt% basalt sand, to produce stone wool with mechanical properties and
composition competitive with commercial stone wool. The sample with 50 % DAC and 50 % basalt provided the
best comparison with commercial stone wool in terms of liquidus temperature (lower than for the other mixtures)

and Young’s modulus (higher). Through further composition optimization and utilization of multiple compo-
nents, we estimate that future batches could utilize 70-75 % of DAC. These promising results and expectations
highlight a feasible reuse of DAC as secondary raw material for stone wool production and a possible route to the
elimination of a toxic waste from the environment and the preservation of primary raw materials.

1. Introduction

Asbestos is a term applied to six naturally occurring fibrous silicate
minerals belonging to the phyllosilicate and amphibole mineral groups
(Directive 2003/18/EC). To the former belongs chrysotile serpentine
(ideally MgsSiaOs(OH)4), commercially known as white asbestos and
which accounts for 95 % of all the asbestos used in the 20th century. To
the latter group belong five amphibole species, the most commercially
successful forms of which were amosite (Fe;SigO22(OH),), also known as
brown asbestos, and crocidolite (NazFe3Fe§+Si8022(OH)2) or blue
asbestos. Because of featuring notable properties such as mechanical
strength, chemical resistance, and thermal insulation, asbestos has been
considered a promising and strategic resource for economic growth and
prosperity in the last century and extensively mined and used in various
industrial sectors. Asbestos-containing materials (ACM) have been used
in floor and roof tiles, surfacing materials, thermal insulation around
pipes and boilers, wallboards, chimneys, water reservoirs, and many
other applications [1].

However, since the early 1970s, epidemiological studies have
revealed the harmful effects of asbestos e.g. [2-4] and asbestos exposure
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has been conclusively linked to the development of malignant meso-
thelioma e.g. [5-7]. Italy was among the firsts countries to ban the
extraction, production, and use of asbestos in 1992. In 2005, European
Union countries also prohibited the marketing and use of products
containing asbestos [8]. Nevertheless, ACM are still abundant in many
buildings and represent a hazard for human health. For instance, during
the period 1976-1980, Italy produced around 100,000 tons per year of
ACM [9] most of which are still in place. Worldwide, some 200 million
tons of asbestos have been mined and used in products since 1900 [10].

In order to reduce the risk of exposure to asbestos, ACM can be
managed in situ through sealing techniques (e.g., roof encapsulation and
confinement) or by removing and landfilling it as asbestos containing
waste (ACW). However, the long-term efficacy of these approaches faces
some challenges. ACM that are still in place as well as ACW sites require
ongoing monitoring and maintenance and are subjected to natural and
extreme climate events, like sea-level rise, flooding, and earthquakes
[11-14] and even terrorist attacks. In view of the limits of current
strategies adopted by law to mitigate the asbestos problem, smarter
solutions are required. An asbestos detoxification treatment coupled
with a clear recycling route has been recommended by the European
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Parliament with the resolution of 14 March 2013 on “Asbestos related
occupational health threats and prospects for abolishing all existing asbestos
(2012/2065(INI))”. Valuable revisions on the state of the art on asbestos
detoxification methods are given by Spasiano and Pirozzi [15] and
Paolini et al. [16].

In the present work, we thermally treated at 1100 °C in oxidizing
conditions common asbestos-cement slates like Eternity ® (i.e. the main
ACM nowadays still present as roofing in many public and private
buildings) obtaining the decomposition of all the asbestos minerals into
harmless minerals (details in Vergani et al. [17]). Then, we successfully
reused the powdered product of the deactivated (detoxified)
asbestos-cement (DAC) in the production of stone wool.

Stone wool is one of the most commonly used types of fibrous ma-
terials in construction industry after the asbestos ban. It is composed of
fine and mutually intertwined fibers produced by spinning and blowing
molten rocks at high speed. Stone wool sheets are characterized by low
density and high porosity, resulting in excellent sound absorption,
thermal insulation and fire resistance properties. The properties of
mineral fibers depend on several design and operating parameters, as
well as on the chemical composition of the melt [18]. In turn, mineral
wool from demolition waste can be recycled several times in a variety of
applications [19] giving rise to end-less-life material!

2. Experimental
2.1. Raw materials and stone wool recipes

Batches of deactivated asbestos-cement slates were separately mixed
with basalt or quartz to accost a target normalized chemical composition
of 45 % Si0O3, 20 % (Al;03+ Fey03), 30 % CaO and 5 % MgO, which was
selected by considering average stone wool compositions from several
manufacturers. Such a composition was expected to yield fibers with
mechanical and biosolubility properties similar to industrial stone wool
fibers.

Deactivation of asbestos was obtained by thermally treating
asbestos-cement slates (Eternit ®) in air at 1100 °C. The slates, still self-
sustaining after the thermal treatment, were then powdered in a ball mill
for 10 minutes. The complete disappearance of asbestos was then
ascertained with a variety of analytical techniques, as well as the
determination of the chemical, physical and mineralogical characteris-
tics of the DAC, as detailed in Vergani et al. [17] Basically, the chemical
composition of the DAC is dominated by CaO (~47 %), SiOy (~44 %),
MgO (~8 %) and Al;O3 (~4 %) and the phase composition by glass
(40 %) and some cement phases (dkermanite, bredigite and merwinite in
almost similar proportions). The quartz sand is almost pure SiOy
(~99 %), and the basalt contains SiO, (~40 %), Fe;O3 (~16 %), Al,O3
(~14 %), CaO (~10 %), MgO (~9 %), Nay0 (~4 %), TiO2 (~3 %) and
K30 (~1 %) as major components (see ahead).

The procedure for designing melting batches with the target com-
positions is schematically illustrated in Fig. 1. Note that although min-
eral fibers typically contain significant amounts of other oxide
components, a four-component SiOy-(Al;03+Fe203)-CaO composition
normalized to the sum of 100 % was assumed in Fig. 1 to simplify the
composition design process. To attain the desired target composition
(marked by the light brown hexagon in Fig. 1), the mass fraction of DAC
and the second component (either basalt or quartz sand) was selected so
that the final composition of the mixture moved close to the target
composition while incorporating as much as possible DAC. In Fig. 1, the
mixture compositions (green symbols) lie close to the mixing lines DAC-
basalt (SF1 and SF3) and DAC-quartz (SF2), respectively. Batches were
designed to be slightly different in composition for the purpose of
comparing mechanical and other properties, while remaining closer to
the desired target composition. The batches so produced were charac-
terized with a variety of techniques, as illustrated in Table 1.
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Fig. 1. SiO3-(Al;03+Fez03)-CaO ternary diagram reporting the raw material
compositions and the composition of the fiberized samples. Pale blue dashed
lines represent mixing lines among DAC and the other raw materials.

2.2. Melting and fiberization

Melting and fiberization experiments were conducted at Department
for Materials and Metallurgy, Faculty of Natural Sciences of the Uni-
versity of Ljubljana, using an induction melting furnace and a single
wheel (¢ = 250 mm) spinning machine, also known as spinner. The
induction melting furnace has a batch capacity of approximately 2 kg of
melts and can operate at temperatures of up to 1600 °C. Batches are
melted in a graphite crucible heated by a water-cooled furnace winding
and can be poured onto the rotating wheel of the spinner by a pivot
mechanism (Fig. 2; see Fig. S1 in supplementary materials for photos of
the fiberization rig). Fibers form as melt is poured onto the spinning
wheel via a channel (typical pouring rate of 0.15 kg/s) with an adjust-
able transversal position and inclination angle, whereas the rotational
speed of the wheel can be controlled by a variable frequency drive
(VFD). Forming fibers are then blown away by an axial fan with
adjustable speed and collected on a removable containment mesh.

In the present stone wool fabrication experiments, mixture of DAC
and basalt or quartz sand were melted and stabilized at ~1500 °C. Once
the melt was homogenized, the spinner wheel surface and the V-shaped
melt channel were heated by acetylene-oxygen burner to ~200 °C to
improve melt adhesion to the wheel and prevent excessive solidification
in the channel. The melt was then poured with an impingement angle of
@ = 30° onto the spinner wheel rotating at 3000 RPM. The velocity of the
coaxial air flow above the wheel was approximately 10 m/s.

2.3. Instrumental analyses

X-ray powder diffraction (XRPD) and X-ray fluorescence (XRF) an-
alyses were performed at the Department of Earth and Environmental
Sciences (DISAT) of the University of Milano-Bicocca, respectively with
a X'Pert-Pro PW3060 diffractometer and an Epsilon 3X energy-
dispersive XRF instrument, both by PANalytical. Before the analyses,
the sample were powdered manually in an agate mortar.

XRPD analyses were carried out both on fibers and non-fiberized
(shot) glass samples. Data were collected at room temperature, at
40 mA and 40 kV in the 5-80° 20 range. Qualitative phase analysis was
carried out with the PANalytical X’Pert High Score software, making use
of the ICSD PDF2-2004 database.

For XRF analyses, sample briquettes were prepared by mixing 10 g of
powdered material, 5 g of boric acid and few droplets of polyvinyl
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Table 1

Brief description of the samples and list of analyses they were subjected to.
Sample  Description Recipe/Origin XRF XRD SEM EDS DSC SER
DAC Asbestos-cement slates thermally treated and Collected by Tecneco SRL; Thermally treated by Petroceramics \/ \/ \/ \/ \/

powdered SRL

Basalt Basalt sand Commercial aquarium sand v Vv
Quartz  Quartz sand From local supplier v v
SF1 Fibers, 1st batch 63.2 % DAC, 36.8 % basalt v v v v v v
SN1 Non-fiberized material Vv v v
SF2 Fibers, 2nd batch 77.4 % DAGC, 22.6 % quartz v v v v v v
SN2 Non-fiberized material v v YV
SF3 Fibers, 3rd batch 50 % DAC, 50 % basalt v v v v v
SN3 Non-fiberized material v v v v
SFR Commercial reference stone wool Gabbro-diabase with unknown amount of slag and briquettes v v v v
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Fig. 2. Melting and fiberization setup for producing fiber samples.

alcohol and pressed at a pressure of 1471 MPa for a minute. The
Omnian-standardless method was used for quantitative analyses. Ali-
quots of the powder were used for volatile components (H;O plus CO3)
determination through weight loss on ignition (LOI).

Scanning electron microscopy (SEM) observations and energy
dispersive spectroscopy (EDS) analyses were performed at the Platform
of Microscopy of the University of Milano-Bicocca (PMiB) with a Zeiss
Gemini 500 equipped with a Bruker XFlash 6130 EDS and with a Tescan
VEGA TS 5136XM equipped with an EDAX Genesis 4000 EDS. The stone
wool fibers were cut and placed on adhesive carbon pads, in turn placed
on Al stubs, and carbon coated to enhance their conductivity.

To determine the melting behavior of selected samples, differential
scanning calorimetry (DSC) analysis was performed on Netzsch Pegasus
DSC 404 F1 instrument from 300 °C up to final temperature of 1500 °C.
Two heating/cooling cycles were completed at 10 K/min in inert (Ng)
atmosphere. Prior to DSC analysis, raw samples were ignited at 575 °C
for 30 min, sieved through 63 pm sieve and demagnetized. Approxi-
mately 30 mg of each sample was weighed and pressed into the 85 pL
Pt80/Rh20 crucible with lid. The purpose of the first heating-cooling
cycle is to eliminate the thermal history of fiber production process,
while the second cycle allows for comparison in melting behavior be-
tween samples of different composition. From the second heating curve,
the characteristic temperatures of liquidus (Ty), solidus (Ts) and glass
transition (Tg) can be obtained. The term liquidus marks the temperature
above which no crystals can exist in a melt. If melt is homogenized above
T1, and then rapidly cooled, amorphous material is formed, which is
beneficial for mechanical strength of resulting fibers due to the greater
homogeneity of their structure [20]. The solidus temperature (Ts) de-
notes the temperature below which all the melt is fully transformed into

crystals upon slow cooling, although it typically remains soft and ductile
well below Ts. As the melt continues cooling, it eventually reaches the
point of glass transition (Tg), when in a narrow temperature range it is
transformed from a rubber-like state to a brittle solid one.

The mechanical properties of the fiber were determined by Sent-
manat extensional rheometry (SER) at the Laboratory for experimental
mechanics at the University of Ljubljana. Tensile tests were performed
on three individual fibers from each mineral wool sample (sample SF1,
SF2 and SF3). The fiber under test was attached to the surface of two
counter-rotating cylinders and pulled through cylinder rotation until the
point of rupture while strain and stress are measured (supplementary
Fig. S2). A detailed description of the SER method can be found in Oseli
etal. [21].

3. Results and discussion
3.1. EDXRF analysis

All sample compositions were determined on fibers (SF* samples).
For batch 3, the bulk composition was determined also for non-fiberized
(shot) material (SN3). As can be inferred from Table 2, all samples
contain higher fractions of SiO, and lower fractions of CaO compared to
the DAC and are reasonably close to the target composition. Their
compositions plot along the mixing line between DAC and the other raw
materials in the SiO5-(Aly03+Fe203)-CaO ternary diagram (Fig. 1). The
samples with higher proportion of basalt (SF1 and SF3) are also those
with the higher content of Al;03, Fe30O3, and MgO, since these compo-
nents are more abundant in basalt than in the other raw materials. In
comparison to all the other samples, the sample SF3 is characterized by
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Table 2
EDXRF analyses (wt%) of stone wool (S*), basalt, quartz and deactivated asbestos-cement (DAC) raw materials used in the experiments (b.d.L. = below detection limit).
Basalt Quartz DAC SF1 SF2 SF3 SN3 SFR
NayO 3.60 b.d.l 0.17 1.02 0.15 1.03 1.02 1.28
MgO 8.55 b.d.l 7.68 8.88 4.92 7.85 7.67 7.66
Al,03 13.73 0.84 3.90 6.99 4.57 8.34 8.46 11.16
SiO, 40.44 98.64 30.41 34.78 42.30 36.93 37.18 41.89
P,0s 0.75 0.01 b.d.L b.dL b.d.L b.dl b.d.l b.d.L
SO3 b.dl b.dl 3.11 0.46 0.49 0.30 0.29 0.32
Cl 0.11 b.d.L b.d.lL b.d.lL b.d.l 0.01 0.02 b.d.l
K>0 1.17 b.d.L 0.43 0.65 0.49 0.85 0.89 0.59
CaO 10.39 0.10 47.38 36.31 40.92 33.01 32.99 24.29
TiO, 2.81 0.07 0.23 1.51 0.49 1.09 1.11 1.49
V205 0.06 b.d.L b.d.lL 0.04 0.01 0.02 0.02 0.07
Cry03 0.07 0.02 b.d.l 0.07 0.06 0.07 0.05 0.04
MnO 0.24 b.dl 0.43 0.20 0.14 0.13 0.13 0.28
Fey03 16.32 0.11 5.93 8.53 5.25 9.61 9.68 10.66
NiO 0.05 b.d.L b.d.l 0.03 0.02 0.03 0.02 b.d.l
CuO 0.01 b.d.L b.d.l 0.01 0.01 0.01 0.01 0.02
ZnO 0.02 b.dl b.d.l 0.02 0.02 0.02 0.02 0.01
SrO 0.15 b.d.L b.d.l 0.16 0.09 0.10 0.10 0.08
ZrO, 0.05 0.06 b.d.l 0.04 0.01 0.02 0.08 0.03
SnO, 0.03 0.02 b.d.l b.d.l 0.03 0.01 0.02 0.03
BaO 0.07 b.d.L b.d.l 0.06 0.02 0.05 0.06 0.03
LOI 1.39 0.14 0.32 0.26 b.d.l 0.51 0.16 0.07

higher Aly03-Fe;0O3 and lower CaO, with a composition closer to the
reference sample (SFR).

The LOI values are very small in all samples, consistently with the
high temperatures of the stone wool production process, the thermal
inertization of asbestos-cement, and the high crystallization tempera-
ture of basalt. The small LOI values detected are probably due to minor
rehydration of the samples after their formation. Finally, the bulk
composition of the fiber and of the non-fiberized S3 sample are closely
comparable, testifying an effective homogenization before the fiberiza-
tion process.

In order to rationalize, at least qualitatively, the melt behavior of the
current multidimensional/multicomponent system, we can refer to the
simplified CaO-Aly03-SiO2-MgO system reported in Fig. 3. It can be
observed that the T, of all fiberized samples is close to 1300 °C, or
slightly above the minimum attainable Ty, in the given phase diagram.
Since it is desired that fibers have a fully amorphous structure, a low Ty,
is favorable for fiberization since a lower melt working temperatures can
be used, saving energy and at the same time preventing crystallization,
that cannot occur above Ti.

Fig. 3. Raw material and fiberized products compositions on the simplified
Ca0-Al,03-Si0, ternary phase diagram (5 % MgO). The 1300 °C isotherm is
highlighted by a red line (after Cavalier and Sandreo-Dendon [22], modified).

3.2. XRPD analysis

XRPD analyses were initially performed on raw materials. The DAC,
examined in a previous work [17], contains amorphous material (glass)
as major constituent (~40 wt%), then crystalline phases typical of
cement, namely akermanite (~19 %), bredigite (~19 %), merwinite
(~18 %) and larnite (~4 %). The quartz sand is practically pure quartz
(Fig. 4). The basalt sand comprises as main crystalline phases: augitic
pyroxene (~45 %), forsteritic olivine (~15 %), anorthite (15 %), nefe-
line (~12 %) and sanidine (~12 %); silicatic melt, usually abundant in
basalt, was not estimated.

XRPD analyses conducted with extended collection times on all
fiberized materials do not reveal peaks indicative of crystalline phases.
Only a huge bulge at ~31° 20 in all sample were observed (Fig. 5). Non-
fiberized materials sometimes show small peaks, as for the sample SN1
and SN3. In sample SN1, a single peak related to the (002) reflection of
graphite is observed. Graphite probably resulted from the combustion of
organic material that accidentally contaminated the batch. In sample
SN3, the observed peaks belong to &kermanite (CaMg,SizO7), a high
temperature phase forming a solid solution with gehlenite (CaAl5SiO7),
with a melting point between 1388 and 1590 °C [23], which was present
in the DAC raw material and that evidently resisted melting.

3.3. SEM-EDS observations

All the observed fiberized samples appear very similar (Fig. 6) and
resemble the reference sample (Fig. 7). The diameter of the fibers ranges
from few microns to several tens of microns, although the majority has a
diameter lower than 10 pm. The surface of the fibers is rounded and
smooth and, in general, there is no compositional variation detectable
with the backscattered electrons (BSE). EDS analyses reveal Si, Ca, Mg,
Al, Fe, Na, in the order, as major cations and minor amounts of K, S, P
and Ti (Fig. 6 and Table 3). Occasionally, small particles with higher BSE
yield can be observed on the fibers, identified as Fe-Cr particles with EDS
spectroscopy (Fig. 7D). These particles are present in all the studied
samples and may represent external contaminations by dust or wore
parts of the fiber production machinery.

SEM-EDS analyses on single fibers are qualitatively in-line with
EDXREF results, but the MgO, SiO,, Al,O3 contents, on one side, and the
CaO and FepO3 contents, on the other side, are systematically over-
estimated and underestimated, respectively, in comparison to EDXRF
(cf. Table 3 with Table 2). This is probably due to the lower accuracy of
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Fig. 6. SEM-BSE images of stone wool sample SF1 (A), SF2 (B), and SF3 (C) and related representative spectra (E to F).

the SEM-EDS analysis in comparison to EDXRF and not to chemical
fractionation during fiberization.! Indeed, the comparison between
fiberized (SF*) and non-fiberized materials (SN*) do not show any sig-
nificant difference, apart for sample 2, where the non-fiberized material
is higher in SiO, than the corresponding fibers. In this case, it is very
probable that the silica-rich material could not be fiberized because of
the raised viscosity, which increases with increasing silica.

1 Accurate SEM-EDS analysis requires a sample prepared as to expose flat,
polished, conductive surfaces and a calibration against standard of known
composition, which was not the case here.

Representative images of the non-fiberized material and their spectra
are reported in the supplementary material (Fig. S3).

Overall, the fiber composition seems rather homogeneous from fiber
to fiber, as testified by the lower standard deviations (Table 3), except,
again, sample 2, which shows the highest deviations. It seems, therefore,
that the DAC-quartz mixture in the ~3:1 proportion used in the exper-
iments could cause problems related to the high viscosity of silica during
the homogenization process and, consequently, during fiberization.

3.4. DSC analysis

Characteristic temperatures Ty, Ts and Tg are shown in Fig. 8 along
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Table 3
Average SEM-EDS semi-quantitative analyses (wt%) of stone wool samples and non-fiberized material (number of averaged analyses between brackets).
SF1 SN1 SF2 SN2 SF3 SN3 SFR
Mean (11) Sigma Mean (4) Sigma Mean (9) Sigma Mean (4) Sigma Mean (10) Sigma Mean (2) Sigma Mean (11) Sigma
NayO 2.07 0.23 2.48 0.33 1.38 0.60 1.15 0.24 2.56 0.25 2.69 0.12 1.66 0.67
MgO 9.37 0.33 9.61 0.41 7.81 1.24 7.11 0.49 9.71 0.41 9.92 0.08 7.61 1.03
Al,03 9.11 0.21 9.26 0.14 6.87 1.81 6.07 0.41 9.85 0.37 9.89 0.03 11.96 0.78
SiOy 39.32 0.79 38.42 0.30 43.89 3.78 47.39 1.00 38.59 0.93 38.54 0.14 42.76 0.96
P05 0.39 0.15 0.52 0.08 0.31 0.20 0.25 0.08 0.50 0.12 0.54 0.03 0.02 0.05
SO3 0.39 0.19 0.41 0.14 0.56 0.11 0.32 0.03 0.24 0.08 0.31 0.04 0.44 0.41
K30 0.69 0.05 0.68 0.06 0.55 0.13 0.48 0.05 0.57 0.08 0.54 0.04 0.49 0.06
CaO 32.97 0.87 31.74 0.99 34.52 2.39 33.78 1.38 29.36 1.21 29.30 0.22 26.57 2.29
TiO, 1.12 0.08 1.12 0.06 0.63 0.39 0.33 0.13 1.62 0.07 1.60 0.15 1.39 0.10
Fe,03 4.57 0.21 5.76 0.64 3.50 0.90 3.12 0.72 7.00 0.25 6.67 0.11 7.11 0.53

with heating and cooling curves from the second DSC cycle. It can be
observed that sample SF3 has the lowest liquidus temperature among the
investigated DAC-containing samples, making it the most suitable
composition option. Having said that, Ty, of SF3 is still 55 K above the T,
of the reference stone wool sample SFR, meaning that the energy
required for melting is still considerably higher than in the case of
optimized industrial stone wool batches not containing DAC.

Another important consideration is the difference between the lig-
uidus and solidus temperature (Tt - Tg). To obtain optimal mechanical
properties and reduce melting energy, eutectic-like compositions are
pursued, meaning that the value of Ty, - Tg should be as low as possible.
Once again, SF3 stands out with a Ty, - Tg = 126 K, which is significantly
lower than for SF1 (169 K), but higher than for SFR (60 K). Note that for

SF2, Tg could not be determined due to the lack of distinct curve
steepening in expected Ts temperature region. Besides these observa-
tions, it can also be noted that Tg is very similar for both basalt-
containing samples (i.e., SF1 and SF3) and the SFR sample, while the
quartz-containing sample SF2 had a somewhat higher Tg.

If fibers produced from DAC are to be competitive to ordinary stone
wool fibers in mechanical properties, T;, must be below the temperature
at which melt is fiberized to avoid fiber crystallization. In our case, there
is no indication that the melt temperature would be too low (i.e., below
Tp), but energy consumption for melting can be reduced if composition
is optimized towards lower T;. However, melt viscosity tends to signif-
icantly increase close to eutectic compositions due to increased SiO2
content. Optimizing the chemical composition for minimum melting
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Fig. 8. Temperature dependent DSC curves of mineral wool samples for the second heating and cooling cycle. Also shown are liquidus, solidus and glass transition

temperatures determined from the curves.

energy consumption while retaining adequate fiber biosolubility is a
complex task requiring a large number of calorimetric measurements
and calculations, and thus beyond the scope of this paper.

Nevertheless, it must be noted that minimizing T, is not the only
possible optimization routine. This approach is only sensible if DAC is
added in relatively small percentages to industrial stone wool furnaces.
However, if asbestos waste is to be treated separately from industrial
stone wool production and fiberized on a small scale, a high degree of
DAC utilization (at least 50 %) is preferred to reduce the cost of rela-
tively expensive mineral components such as basalt or quartz sand, as
well as excess energy and equipment capacity required to melt these
additional components. In this case, the ultimate goal should be to
minimize the overall cost per ton of recycling DAC considering both the
raw material cost as well as the energy cost while maintaining fiber
properties reasonably close to industrial mineral wool.

3.5. Mechanical properties

The result of SER tensile tests are tensile diagrams which allow for
calculation of the Young’s modulus and tensile strength of fibers. Tensile
diagrams for all lab-produced stone wool fiber compositions are shown
in Fig. 9, where one tensile curve is displayed for each fiber tested. Note
that some scattering can be observed within fiber samples due to fiber
impurities and shape irregularities (supplementary Fig. S2). The mean
values of measured Young’s moduli (E) were as follows: SF1 = 46.3 GPa,
SF2 = 69.7 GPa and SF3 = 57.6 GPa.

For comparison, good quality industrial stone wool fibers reach
values of E of about 40-60 GPa [21]. As we can see, SF2 has the highest E
of all samples analyzed, followed by SF3 and SF1. The Young’s moduli of
all three DAC-containing samples are comparable to those of good
quality industrial stone wool fibers, suggesting similar mechanical
stiffness.

Besides Young’s modulus, tensile strength is another key parameter
that can be determined from tensile diagrams. In tensile measurements
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1000
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Fig. 9. Tensile diagrams for samples SF1, SF2 and SF3 and related measured Young’s moduli (insets).
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of fibers from samples SF1, SF2 and SF3, the tensile strength of indi-
vidual fibers was widely scattered between 400 MPa and 1500 MPa
(most fibers ruptured near the lower end of this range), without a clear
correlation with chemical composition or liquidus temperature. Such a
high variability is consistent with findings reported by Lund [24] for
regular stone wool fibers. As reported in [21] and [25-29], the me-
chanical properties of stone wool fibers are profoundly affected by the
ceramic content (SiO2 + Al»O3). In general, ceramic content from 55 to
70 wt% results in high variation of Young’s moduli (from 40 to 90 GPa),
and stress at break (from 200 to 3000 MPa), which correlates strongly to
the presented results. The range of tensile strength for samples SF1-SF3
is also comparable to industrial stone wool fibers [21,24]. This dem-
onstrates that mineral wool produced from DAC-containing melts can
possess mechanical strength just as high as the regular stone wool.

4. Conclusions

In the present work, our main goal was to demonstrate the capability
to fiberize deactivated (detoxified) asbestos-cement waste and other raw
materials (basalt and quartz sands) into mineral wool of non-toxic
composition and with melting temperatures comparable to commer-
cial stone wool, establishing also a methodology for property evaluation
of the fibers so produced. So far, based on the experimental results, the
most important conclusions are:

1. DAC, basalt and quartz mix well in the furnace, creating homogenous
melt that can be poured and fiberized at reasonable temperatures
(1500 °C). Target composition range of commercial stone wool can
be obtained by a proper mixture of DAC with either basalt or quartz.

2. Samples SF1 and SF3 with 36.8 % and 50 % of basalt produced fibers
with composition closer to target than SF2 with 22.6 % of quartz. By
further composition optimization and using multiple components
instead of just a binary mixture, we estimate that future batches
could utilize 70-75 % of DAGC, resulting in relatively low cost of
added materials and additional energy to melt them.

3. Liquidus temperature of mineral wool is similar for compositions 1
and 2 (1335 °C for batch 1 and 1337 °C for batch 2), but notably
lower for batch 3 (1298 °C). This means that batches with lower
percentage DAC have an advantage over higher percentage DAC
batches (note that 100 % of DAC waste cannot be fiberized at tem-
peratures utilized in our experiments). The liquidus temperature of
sample SF3 is approaching that of typical industrial stone wool, but is
still about 50-70 °C higher, meaning that melt pouring temperature
also has to be elevated by the same amount relative to industrial
wool to prevent fiber crystallization.

4. Mechanical properties: Young’s modulus measured by tensile tests
was highest for batch 2 (22.6 % quartz — 77.4 % DAC) and exhibits
no clear relation with DAC content. Young’s modulus and tensile
strength of all DAC-containing samples is comparable to good quality
commercial stone wool fibers.

5. Further studies should investigate the effect of DAC-containing batch
composition on fiber properties in greater detail while also imple-
menting cost optimization of both raw materials and required energy
to render the recycling process as economically feasible as possible.

This work is part of a series of studies by our group, both concluded
and in progress, concerning the recycling of detoxified asbestos cement
in various industrial applications. These include its use as a fluxing agent
in ceramic sanitary wares [30], as filler in epoxy resins for flooring
applications [31], as additive in mortar for plaster applications [32], and
in geopolymers and biopolymers (work in progress). Among these ap-
plications, that of stone wool turned out so far as one of the most
promising. Notwithstanding, we are aware that stone wool production
has its own drawbacks since breathable particles are released in the
working environment and may represent a hazard for human health.
Moreover, even if the DAC does not longer contain harmful fibers, it may
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indeed contain a non-negligible aliquot of breathable particles [17].
This prompted us to set up in vivo ecotoxicity tests of DAC (work in
progress) and to plan in vitro biosolubility tests aiming at evaluating the
actual toxicity of the rock wool fibers so produced.

Because of the current preliminary stage of the study, we are defi-
nitely not suggesting in the present study compositions to be used in
industrial-scale stone wool production and, as regard possible applica-
tion tests, it is suggested to limit them for the moment to materials that
minimize the release of breathable particles (e.g. bricks, tiles, suffi-
ciently thick fibers for reinforcement of cement/concrete...).

Along the same lines, another potential advancement of this project
could be the direct inertization of ACW during the stone wool produc-
tion (work in progress), which, if successful, could result in significant
energy saving. In such a case, an even more careful handling of ACW
prior to thermal treatment is required, which should include an efficient
air flow filtration system in the workplace and the adoption of personal
protection equipment for the workers.
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