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Abstract: Nowadays, due to the adverse health effects associated with exposure to asbestos,
its inertization is one of the most important issues of waste risk management. Based on the research
line of mechano-chemical and thermal treatment of asbestos containing materials, the aim of this study
was to examine the effects of dry grinding on the structure, temperature stability and fibre size of
chrysotile from Balangero (Italy), as well as standard UICC (Union for International Cancer Control)
amosite and standard UICC (Union for International Cancer Control) crocidolite. Dry grinding
was accomplished in an eccentric vibration mill by varying the grinding time (30 s, 5 and 10 min).
Results show a decrease in crystallinity, the formation of lattice defects and size reduction with
progressive formation of agglomerates in the samples after the mechanical treatment. Transmission
electron microscopy (TEM) results show that the final product obtained after 10 min of grinding is
composed of non-crystalline particles and a minor residue of crystalline fibres that are not regulated
because they do not meet the size criteria for a regulated fibre. Grinding results in a decrease
of temperature and enthalpy of dehydroxylation (∆Hdehy) of chrysotile, amosite and crocidolite.
This permits us to completely destroy these fibres in thermal inertization processes using a lower net
thermal energy than that used for the raw samples.
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1. Introduction

The commercial term asbestos regards chrysotile (serpentine asbestos) and five fibrous amphiboles
(actinolite asbestos, amosite, anthophyllite asbestos, crocidolite and tremolite asbestos) [1,2].

The main chemical-physical and technological properties of asbestos minerals are resistance
to abrasion, resistance to heat and to chemicals, flexibility, resiliency, and a low sound transmission
coefficient [3]. Due to these outstanding characteristics, chrysotile Mg3Si2O5(OH)4, amosite
(Fe,Mg)7[(OH)Si4O11]2 and crocidolite Na2Fe3Fe2[(OH)Si4O11]2 were used from 1720 to the 1980s in
numerous (more than 3000) industrial applications and for manufacturing various types of products
known as asbestos-containing materials (ACMs). Although these minerals have good technological
properties, if inhaled, they can cause several respiratory diseases [4]. For this reason, they are classified
as carcinogenic substances Group 1 by the International Agency for Research on Cancer (IARC) [5],
and many countries have banned their use [6]. Today, ACMs used in many countries must be
safely disposed of or made inert. In the countries that have banned the use of asbestos minerals
and where remediation policies are encouraged, many studies and patents have dealt with the
possible disposal and re-use of ACMs [7–12]. The preference for recycling compared to landfill
disposal is specified in the European Directive [13], since recycling is the best solution, as it reduces
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environmental impact and the consumption of primary raw materials. In this regard, although the
crystal-chemical transformation induced by the thermal treatment of asbestos is the most common
transformation process [14–23], other processes such as biological treatment, dissolution by acid,
thermochemical and mechano-chemical processes have been used for treating ACMs during the
last two decades [24–32]. In particular, mechano-chemical treatment, which could be used for
disposing of and/or recycling asbestos, is capable of increasing particle reactivity [33], reducing the
sintering temperature [34] and reducing the thermal decomposition temperature [35,36]. In this regard,
Suquet [37] has shown that grinding and/or leaching pre-treatment of chrysotile affected its dissolution
in water. A mechano-chemical treatment was also successfully applied to asbestos by Plescia et al. [38],
who showed how grinding can completely modify the fibrous morphology of asbestos.

The mechano-chemical treatment of chrysotile with a planetary ball mill was later applied
by Inoue et al. [39], demonstrating how chrysotile was completely converted into non-fibrous
amorphous material after 2–4 h of grinding. The so-called high-energy milling (HEM) has recently been
demonstrated to be capable of ensuring amorphization of asbestos-containing waste (ACW) [40,41].
To date, studies concerning the mechano-chemical treatment of asbestos have been generally focused
on chrysotile or chrysotile containing ACMs, being the only asbestos mineral still used worldwide.
Such studies were not related to the thermal behaviour and no studies have been carried out on
UICC standard amosite amphibole asbestos and UICC standard crocidolite amphibole asbestos,
although it is well known that in countries like Italy ACMs may contain amosite and crocidolite in
addition to chrysotile. Moreover, it is important to note that the destruction sequence related to the
mechano-chemical treatment of ACW, consisting of various amorphous and crystalline phases [42],
could differ from the destruction sequence of standard asbestos minerals. For example, the loss of CO2

from the calcite present in cement leads to a reducing environment in the mill container, which can
influence the transformation path of the phases involved in grinding [43]. Moreover, it is worth
remembering that using different ball mill devices or the same ball mill under different conditions can
provide totally different results [44,45].

In this context, this work focuses on the effects that dry grinding in an eccentric vibration mill
has on representative samples of chrysotile from Balangero (Italy), UICC standard amosite and UICC
standard crocidolite in terms of their crystallinity, temperature stability and fibre size when they
are mechanically treated for 30 s, 5 min and 10 min. Adopting mechanical treatment to destroy the
structure of asbestos has also been discussed in terms of using it in combination with thermal treatment
which can be applied after milling. We believe this study could shed new light on the mechanisms of
safe disposal of asbestos through the grinding process.

2. Materials and Methods

For the study, the following mineral fibres have been selected:
(1) chrysotile from Balangero (Italy) [(Mg5.81Fe2+

0.21Al0.27Fe3+
0.03Cr0.01)6.33Si3.97O10(OH)7.11],

with minor impurities of diopside (CaMgSi2O6) and hematite (Fe2O3); (2) UICC (Union for
International Cancer Control) standard amosite amphibole asbestos from Penge mine (South Africa)
[(Ca0.02Na0.01)(Fe2+

5.36Mg1.48Fe3+
0.11Mn0.06)7.01(Si7.93Al0.01)7.94O21.94(OH)2.06], with minor impurity of

quartz (SiO2); (3) UICC (Union for International Cancer Control) standard crocidolite amphibole asbestos from
Koegas Mine, (South Africa) [(Na1.96Ca0.03K0.01)2(Fe2+

2.34Fe3+
2.05Mg0.52)4.91(Si7.84Al0.02)7.86O21.36(OH)2.64],

with minor impurity of quartz (SiO2). The crystallinity, thermal behaviour, and other features of
these samples have been already published elsewhere [46–49]. Dry grinding of the samples (1 g)
was conducted using a Bleuler Rotary Mill for 30 s, 5 and 10 min at a speed of 900 revolutions per
min (rpm). The grinding container (with a capacity of 100 mL) has an anvil ring of 1285 g and puck
of 1388 g to pulverize the sample by an eccentric vibratory motion in which the compression and
the shear forces [50] are the main forces acting on the asbestos minerals. The measured container
temperature does not exceed 60 ◦C during the grinding.
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Samples were characterized using an X-ray powder diffractometer (Bruker D8 Advance model,
Bruker, Billerica, MA, USA) operating at 40 kV and 40 mA and by recording scans in the range
of 3–66◦ 2θ, with a step size of 0.02◦ 2θ and time per step of 3 s. Thermogravimetry (TG) and
differential scanning calorimetry (DSC) were performed in an alumina crucible under a constant
aseptic air flow of 30 mL min−1 with a Netzsch STA 449 C Jupiter (Netzsch-Gerätebau GmbH, Selb,
Germany) in the 25–1000 ◦C temperature range with a heating rate of 10 ◦C min−1 and 20 mg of sample
powder. Instrumental precision was checked by 6 repeated collections on a kaolinite reference sample
revealing good reproducibility (instrumental theoretical T precision of ±1.2 ◦C). Netzsch Proteus
thermal analysis software (Netzsch-Gerätebau GmbH, Selb, Germany) was used to identify exo- and
endothermic peaks, weight loss, onset, end temperatures and enthalpy of dehydroxylation (∆Hdehy).
It is worth remembering that the area under the exo- or endotherm on the measured DSC curve is
proportional to the heat of reaction (∆H) occurring at that temperature [51]. Transmission electron
microscopy (TEM) was performed using a Jeol JEM 1400 Plus (Tokyo, Japan) working at 120 kV,
equipped with a double tilt holder to check the morphology of the samples and to obtain structural
data by selected area electron diffraction (SAED); an energy dispersive X-ray spectrometry (EDS) by
Jeol allowed us to obtain analytical electron microanalyses (AEM). For TEM investigations, the sample
was put in isopropyl alcohol; three drops of the obtained suspension were deposited on a copper mesh
grid coated with 200 Å carbon film.

3. Results

3.1. X-ray Diffraction Characterization

3.1.1. Chrysotile

The X-ray diffraction pattern of the 30 s mechanically ground chrysotile was characterized by
sharp peaks (Figure 1), indicating a high level of crystallinity of the materials as already observed in
previous studies [46]. After 5 min of grinding, all reflections disappeared except for the (002), (−111)
and (004) reflections which were still visible due to texture effects, even if with remarkably reduced
intensity (Figure 1).

Figure 1. XRPD patterns of chrysotile recorded after 30 s, 5 min and 10 min of grinding time.

The increase in grinding time (i.e., 10 min) led to the disappearance of (−111) reflection and to a
further significant decrease in intensity and broadening of the (002) and (004) peaks (Figure 1) indicating
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that only poorly crystalline fibres were still present in the sample. Moreover, the diagnostic reflections
of diopside CaMgSi2O6 (JCPDS card 41-1370) (present as an impurity in the sample), which were not
detected after 30 s of grinding owing to the overlapping of chrysotile reflections, became visible after 5
and 10 min of grinding (Figure 1). Finally, hematite (Fe2O3), also originally identified by XRPD in the
unground sample as an impurity, showed its typical (110) reflection (JCPDS card 24-0072) even after
10 min of grinding.

3.1.2. Amosite

After 30 s of grinding, amosite was highly crystalline with quartz present as an impurity (Figure 2).
After 5 min of grinding, the XRPD pattern of the sample exhibited a characteristic amorphous trace
except for (011) and (220) reflections with lower intensity than that of the sample ground for 30 s.
After 10 min grinding, the (011) reflection disappeared from the pattern (Figure 2). It is evident that no
crystalline amosite was detected by XRPD after 10 min of grinding. Mechanical grinding also affected
the structure of quartz (JCPDS card 46-1045) whose intensity of characteristic (101) and (100) reflections
decreased after grinding (Figure 2).

Figure 2. XRPD patterns of amosite recorded after 30 s, 5 min and 10 min of grinding time.

3.1.3. Crocidolite

Figure 3 shows sharp reflections of crocidolite after grinding for 30 s, in agreement with the
results previously reported by Bloise et al. [46]. After 5 min of grinding, most of the crocidolite
reflections disappeared, while (110), (040), (310), (151) and (−260) reflections are preserved although
with much less intensity. When the grinding time was increased up to 10 min, broadening and a slight
decrease in intensity were observed for all reflections except for the (040) reflection which was no
longer present (Figure 3). This behaviour was diagnostic of crystal defect formation and of lower
levels of crystallinity of the 10 min ground sample compared to the sample ground for 5 min (Figure 3).
However, after 10 min of grinding, the X-ray diffraction patterns still showed a clearly visible (101)
quartz reflection (JCPDS card 46-1045) present as an impurity in the sample (Figure 3).
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Figure 3. XRPD patterns of crocidolite recorded after 30 s, 5 min and 10 min of grinding time.

3.2. Thermal Analysis Characterization

3.2.1. Chrysotile

After 30 s of grinding, the DSC curve of the chrysotile (Figure 4) showed an endothermic event at
660 ◦C related to chrysotile dehydroxylation [46]. After 5 min of grinding, the structure of chrysotile
collapsed at a lower temperature as shown by the endothermic peak at 625 ◦C, which shifted downward
to 622 ◦C becoming weaker in the sample ground for 10 min (Figure 4).

Figure 4. Differential scanning calorimetry of chrysotile after 30 s, 5 min and 10 min of grinding time.

The exothermic peaks on the DSC curves (822, 818 and 810 ◦C) indicate forsterite (Mg2SiO4)
and enstatite (MgSiO3) crystallization (e.g., [46,52]). Forsterite (JCPDS card 34-0189) and enstatite
(JCPDS card 22-0714) were identified by XRPD as the main crystalline phases formed after combined
grinding for 30 s, 5 and 10 min and thermal treatments at 1000 ◦C (Supplementary Figure S1).
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The endothermic event at 660 ◦C displays an area under the peak (∆Hdehy) of 345 J/g, which is
related to the heat required for the dehydroxylation reaction of chrysotile (Table 1).

Table 1. Main peak temperatures in DSC curves and ∆Hdehy for chrysotile (Chr) ground for 30 s,
5 min and 10 min, w = weak, s = strong, endo = endothermic, exo = exothermic. The area under the
endothermic peak (∆Hdehy) is delimited in the range onset-end.

Sample (Grinding Time) Chr 30 s Chr 5 min Chr 10 min

DSC T (◦C)
660 endo s 625 endo 622 endo w
822 exo s 818 exo s 810 exo s

∆H (J/g) 345 35 12

Onset-end (◦C) 500–725 556–656 556–656

This value is in agreement with Weber and Greer [53], who reported an enthalpy of
dehydroxylation (∆H) of 341 and 346 J/g for chrysotile from Australia and Urals, respectively.
The endothermic peak areas (∆H) decreased significantly from 345 to 35 and 12 J/g as grinding
time increased to 30 s, 5 and 10 min, respectively (Figure 5). In fact, the chrysotile DSC endothermic
peak nearly disappeared after 10 min of grinding. After grinding for 30 s, the thermogravimetric (TG)
curves of chrysotile recorded a weight loss of approximately 0.52% in the range between 40 and 110 ◦C
due to the water adsorbed (Table 2). The weight loss, in the same temperature range (40–110 ◦C),
increased to 2.67% as grinding time increased up to 5 min and then decreased to 1.08% after 10 min of
grinding (Table 2).

Figure 5. Change in enthalpy of dehydroxylation (∆Hdehy) as grinding time increases.



Minerals 2018, 8, 135 7 of 17

Table 2. Thermogravimetric, mass loss (%) for chrysotile (Chr); amosite (AM); crocidolite (CR) in the
range of 40–110 (◦C) after grinding for 30 s, 5 min and 10 min.

Grinding Time 30 s 5 min 10 min

TG Loss (%) TG Loss (%) TG Loss (%)

T Range 40–110 (◦C) T Range 40–110 (◦C) T Range 40–110 (◦C)

Chr 0.52 2.67 1.08
AM 0.14 0.50 0.42
CR 0.26 2.57 0.95

3.2.2. Amosite

In Figure 6 the broad endothermic effect at 740 ◦C was related to the structural breakdown of
amosite after grinding for 30 s, in agreement with literature [53]. The temperature breakdown of
amosite shifted downward to 591 ◦C if grinding was 5 min long (Table 3) with a further decrease to
536 ◦C when the sample was ground for 10 min.

Figure 6. Differential scanning calorimetry of amosite after 30 s, 5 min and 10 min of grinding.

After 30 s of grinding, the DSC curve shows a broad exothermic peak at 880 ◦C due to a pyroxene
phase (Fe,Mg)2Si2O6 and hematite (Fe2O3) formation [54] which shifted to lower temperature as
grinding time increased from 30 s to 5 min and 10 min (Figure 6; Table 3). After heating at 1000 ◦C,
XRPD patterns of amosite ground for 5 min show the formation of hematite (JCPDS card 33-0664) and
small amount of a pyroxene phase (JCPDS card 17-0548), while the main crystalline phases formed
after heating the sample ground for 10 min were hematite, fayalite Fe2SiO4 (JCPDS card 9-0484)
and ferrosilite FeSiO3 (JCPDS card 26-0876) (Supplementary Figure S2). For amosite, the enthalpy
of dehydroxylation (∆H) decreased with elapsed grinding times from 222 to 81 and 59 J/g at 30 s,
5 min and 10 min, respectively (Table 3). In particular, after 5 min of grinding, the amount of energy
required to cause the dehydroxilation of this phase decreased by 141 J/g compared to the energy
required after 30 s of grinding process, while after 10 min the energy required only decreased by
22 J/g (Figure 5). The absorbed water (in the temperature range of 40–110 ◦C) on the amosite surface
after 30 s of grinding, was 0.14% as detected by TG (Table 2). After 5 min of grinding, the absorbed
water in the same temperature range increased to 0.50% while it decreased to 0.42% after 10 min of
grinding (Table 2).
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Table 3. Main peak temperatures for DSC curves and ∆Hdehy for amosite (AM) after grinding for 30 s,
5 min and 10 min, endo = endothermic, exo = exothermic. The area under the endothermic peak
(∆Hdehy) is delimited in the range onset-end.

Sample (Grinding Time) AM 30 s AM 5 min AM 10 min

DSC T (◦C)
740 endo 591 endo 536 endo
880 exo 683 exo 682 exo

∆H (J/g) 222 81 59

Onset-end (◦C) 586–800 450–656 462–655

3.2.3. Crocidolite

As we can see from the DSC patterns (Figure 7), after 30 s of grinding, the thermal decomposition
of crocidolite took place in the range 350–700 ◦C with two distinct endothermic events: the first
stage at 374 ◦C is related to the partial dehydroxylation during which hydrogen ions and electrons
were lost, to form an oxy-crocidolite (crocidolite partially dehydrogenated) [55], while the second
endothermic effect at 650 ◦C represents the main dehydroxylation of crocidolite as already discussed in
Bloise et al. [46]. The first endothermic peak was no longer observable when the sample was ground for
5 and 10 min. Nevertheless, as shown in Figure 7, the main peak related to crocidolite dehydroxilation
shifted to lower temperatures as grinding time increased: from 650 ◦C to 555 ◦C and 538 ◦C in the
samples ground for 30 s, 5 and 10 min, respectively.

Figure 7. Differential scanning calorimetry of crocidolite after 30 s, 5 min and 10 min of grinding time.

Finally, after 30 s of grinding, crocidolite showed a broad exothermic DSC signal at approximately
850 ◦C which shifted to lower temperature and reduced its intensity in the samples ground for
5 and 10 min (Table 4). XRPD of ground samples heated to 1000 ◦C revealed the formation of
hematite Fe2O3 (JCPDS card 33-0664), cristobalite SiO2 (JCPDS card 1-0424) and aegirine NaFe3+Si2O6

(JCPDS card 34-0185) while quartz SiO2, present as impurities in the starting sample, disappeared
(supplementary Figure S3). The amount of aegirine is lower in the sample ground for 10 min,
with characteristic reflections close to the detection limit. In regard to the enthalpy of dehydroxylation
(∆Hdehy), crocidolite behaves like amosite (Figure 5). ∆H decreased as grinding time increased as
shown in Figure 5. The amount of heat required to cause the breakdown of crocidolite ground for
5 min (85 J/g) is approximately half of the value recorded for the sample ground for 30 s (213 J/g),
but about a constant value was reached between 5 and 10 min of grinding time (Table 4). The absorbed
water (in the temperature range of 40–110 ◦C) on the crocidolite surface after 30 s of grinding was
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0.26% as detected by TG. After 5 min of grinding, the water absorbed in the same temperature range
increased to 2.57% while it decreased to 0.95% after 10 min of grinding (Table 2).

Table 4. Main peak temperatures in DSC curves and ∆Hdehy for crocidolite (CR) after grinding for 30 s,
5 min and 10 min, w = weak, s = strong, endo = endothermic, exo = exothermic. The area under the
endothermic peak (∆Hdehy) is delimited in the range onset-end.

Sample (Grinding Time) CR 30 s CR 5 min CR 10 min

DSC T (◦C)
650 endo 555 endo w 538 endo w
850 exo w 838 exo s 833 exo s

∆H (J/g) 213 85 73

Onset-end (◦C) 311–420 and
430–817 426–661 415–648

3.3. TEM Characterization

Figure 8 was obtained with low magnification TEM observation, in order to show the whole of
grid opening in each micrograph.

Figure 8. TEM images of: chrysotile (a–c); amosite (d–f); crocidolite (g–i). 30 s grinding (a,d,g); 5 min
grinding (b,e,h); 10 min grinding (c,f,i).

3.3.1. Chrysotile

The chrysotile sample ground for 30 s showed the typical asbestiform crystal habit with
single fibrils, and the hollow core running along the fibril axis. The chrysotile fibres were often
curved and the length of some fibres may be longer than 10 µm. After 5 min of grinding, it is
possible to observe many agglomerates of particles (Figure 8b) rich in Mg and Si, and minor Al and Fe



Minerals 2018, 8, 135 10 of 17

(AEM/TEM verified) and the appearance of diffuse halos in the corresponding SAED is indicative of a
non-crystalline phase. In order to explain the reaction caused by grinding, it is important to remember
that chrysotile is a trioctahedral hydrous layer silicate based on a 1:1 layer structure whose layers
are rolled assuming a characteristic fibrous habit [56]. After 5 min of grinding, the original stacking
layers were rolled out and delaminated; the lamellae were broken by mechanical impact thus causing
a decrease in particle size and the formation of agglomerates of non-crystalline material.

However, flexible chrysotile bundles and many single fibres longer than 10 µm are
preserved (Figure 9a).

Figure 9. TEM images of: chrysotile (a); amosite (b); crocidolite (c) after 5 min of grinding. Arrows in
(b,c) indicate the zoom area. The red lines in b and c indicate the diameter of the fibres.

The amount of non-crystalline particle agglomerates increases in the sample ground for
10 min (Figure 8c). However, at higher magnification, rare single chrysotile fibres with a maximum
length of 1500 nm and width of 60 nm were still observed, all showing moderate crystallinity as proved
by the diffraction dots and halos in the SAED patterns (Figure 10).

Figure 10. TEM image of chrysotile and corresponding SAED pattern after 10 min of grinding.

3.3.2. Amosite

TEM micrographs of ground amosite are presented in Figure 8d–f. Many fibres with typical
prismatic rod-shaped morphology were found in the sample after 30 s of grinding, which had a
maximum length of 15 µm. After 5 min of grinding, many particles chemically consistent with amosite
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composition (AEM/TEM verified) but amorphous in nature (SAED patterns with full halo ring and rare
diffraction spots) were detected. Few prismatic-shaped fibres with an average length of 8 µm can still
be found (Figure 8e). Figure 9b shows how the grinding prompts the longitudinal splitting of the fibres
parallel to (110) cleavage surfaces into thinner fibrils, reducing their width from approximately 200 to
60 nm (Figure 9b), and also causing the formation of fractures semi-perpendicular to the elongation
of the fibres (Figure 9b). Many of them show the presence of chain-multiplicity faults defects (CMFs)
developed along the elongation of the fibres [57]. Therefore, grinding causes longitudinal splitting from
larger fibres into thinner fibrils preferentially along CMFs. As grinding progresses up to 10 min, only a
few fibres with a maximum length of 1.2 µm were still visible (Figure 11), even if SAED confirmed that
the crystallinity of these fibres remained even after long grinding treatments.

Figure 11. TEM image of amosite and corresponding SAED pattern after 10 min of grinding.

3.3.3. Crocidolite

Like amosite, crocidolite ground for 30 s shows a prismatic rod-shaped crystal habit and high
crystallinity with some fibres that can also reach a length of 30 µm (Figure 8g). However, after grinding
for 5 min, fibres longer than 3 µm are rare (Figure 8h). The majority of the fibres show breaking
parallel to (110) cleavage surfaces and occasionally transverse to the fibre axis, leading to a decrease
in diameter from approximately 370 to 40 nm (Figure 9c). A visual inspection by TEM of the 10 min
grinding sample revealed the presence of some fibre aggregates with amorphous particles (Figure 8i)
that were chemically composed of Si, Mg, Fe, Na as detected by AEM. The fibres were 1.7 µm long and
preserved their habit and crystallinity as observed at high magnification (Figure 12).
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Figure 12. TEM image of crocidolite and corresponding SAED pattern after 10 min of grinding.

4. Discussion

The XRPD patterns of the asbestos samples generally show similar features as the grinding process
proceeds; a decrease in the intensity of all reflections and an increase in the background contribution
are invariably observed, indicating amorphization of the crystal fibres. The abrupt intensity decrease of
all reflections in the first 5 min of grinding indicates that the structure of asbestos is rapidly damaged
by mechanical treatment. After 10 min of grinding, the XRPD patterns of chrysotile and crocidolite only
showed minor broad reflections proving that most of fibres were made amorphous. Regarding amosite,
the absence of peaks (Figure 2) in the corresponding X-ray diffraction pattern was not due to the
complete destruction of the fibres after 10 min of grinding because small amounts of amosite have
been detected by DSC and TEM. The existence of amosite preserved within the samples after 10 min
grinding was not detected by XRPD because it was below the detection limit of the instrument.

The results of the thermal analysis show a relationship between the increase in grinding time from
30 s to 10 min and the endothermic DSC effects. Indeed, the reduction in particle size, the formation of
lattice defects or stressed structures induced by grinding processes cause a downshift temperature of
the original endothermic DSC effects. However, the decrease in temperature is stronger in amosite
ground for 5 min than in crocidolite and chrysotile, thus proving that amosite is less resistant to
grinding and thus markedly damaged. Furthermore, in crocidolite, grinding treatment for 5 and
10 min produces: (i) a disappearance of the first event at 374 ◦C related to the loss of hydrogen ions
and electrons to give oxy-crocidolite [46] since the dehydrogenation process from a strongly altered
structure had already been completed during grinding process as occurs for other silicates [58,59];
(ii) a decrease in second endothermic effect due to easier dehydroxylation from a strongly altered
structure. Chrysotile and amosite decomposition took place essentially in one main endothermic effect.
In chrysotile and amosite, grinding treatment for 5 and 10 min produced a decrease in endothermic
effects due to easier dehydroxylation from strongly altered structures. The decomposition of amosite
followed a very similar pattern to crocidolite although in this case the formation of oxy-amosite
(anhydrous amosite) involved a dehydroxylation process as well as a dehydrogenation process that
occur simultaneously [52], and thus, it was not possible to identify oxy-amosite by the dehydroxylation
peak on the DSC curve. In fact, crocidolite may be unique amongst the asbestos amphiboles in that
the dehydroxylation process, and the structural breakdown process were consecutive rather than
concurrent [52].
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When grinding chrysotile, amosite and crocidolite, some of the energy is used for particle
breakage whilst part of the energy is stored in the minerals [60]. However, there were some
limitations regarding energy storage. In fact, asbestos minerals have low thermal conductivity;
therefore, the energy delivered is not stored as thermal energy but is applied to destroy the
crystalline lattice. In fact, the samples were partially destroyed after 5 and 10 min of grinding.
In order to completely destroy the original structure, an additional amount of thermal energy equal
to enthalpy of dehydroxylation (∆Hdehy) is required (corresponding to the area calculated under the
DSC peak). It was observed that enthalpy of dehydroxylation (∆Hdehy) decreased as grinding time
increased (Figure 5). This implies that partially dehydroxylation already occurred during the grinding
process as observed for kaolinite [59]; montmorillonite [58] and sepiolite [61]. This dehydroxylation is
related with the loss of some OH groups through a prototropic mechanism based on the concept of
protons migration during grinding and their consequent combination with hydroxyl groups to form
water molecule. Prototropy produces a water molecule by the interaction of two hydroxyl groups in a
two-step process as follows:

OH− ↔ H+ + O2− and H+ + OH− ↔ H2O

This reaction takes place when fibres are mechano-chemically activated. The effect of
mechano-chemical activation is the point heating of the mineral, which causes the dehydroxylation of
the mineral at contact points between the grinding medium and the mineral structure [62]. The point
contact heating at specific sites results in the attainment of high temperatures sufficient to cause
dehydroxylation as follows:

OH− ↔ H+ + O2−

Chrysotile grinding for 30 s requires larger amounts of energy for dehydroxilation than amosite
and crocidolite (Table 2) due to the following reasons: (i) chrysotile contains more structural water than
the amphiboles; (ii) the morphological differences between chrysotile and amphiboles (i.e., amosite
crocidolite), indeed in chrysotile the main diffusion path of water is along the fibril axis (b) while
radial diffusion is unlikely [63]. After only 5 min grinding, it is observed a significant decrease in the
energy required for the total dehydroxilation of the three minerals, especially as far as chrysotile in
concerned (Figure 5), as a consequence of strong structural alteration in the 1:1 silicate layer. In fact,
after 5 min of grinding, the original stacking layers rolled to assume the characteristic fibrous habit of
chrysotile were delaminated; therefore, the diffusion of water molecules can occur in all directions and
not only along the fibril axis. Amosite and crocidolite also develop new surfaces due to grinding from
which the structural OH groups can be removed using less energy (Figure 5).

The formation of new active surfaces in the ground chrysotile, amosite and crocidolite leads also
to an increase in reactivity resulting in the crystallization of new formed phases (e.g., forsterite) at
lower temperatures. This behaviour has also been observed for other minerals undergoing to grinding
such as kaolinite and apatite [64,65]. However, after grinding the samples up to 10 min, there is only a
slight decrease in enthalpy of dehydroxylation (∆Hdehy) (Figure 5) as after 5 min of grinding most fibres
are destroyed. In the stages, up to 5 min of grinding for all asbestos samples, the mechanical treatment
resulted in particle size reduction and consequently an increase of the specific surface area. This led to
an enhanced water absorption below 110 ◦C on TG curves; indeed, the increase of surface area of the
samples after grinding may cause rehydroxylation process, due to the adsorption of atmospheric water
molecules [61,66]. However, for longer grinding times such as 10 min, the adsorbed water content
below 110 ◦C decreased due to the agglomeration of the particles. In fact, as also observed by TEM,
particle aggregation took place after 10 min of grinding leading to an increase of the mean diameter
of the aggregated particles. This trend is similar to that observed in experiments carried out on the
grinding of talc [67] and kaolinite [68].

As regards to fibre size detected by TEM, after grinding for up to 30 s, asbestos fibres are
crushed into smaller particles with respect to the raw samples [46] while rare aggregates were
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detected (Figure 8a,d,g). All crocidolite fibres measured in the samples ground for 5 min were smaller
than 5 µm in length, and therefore not classified as regulated fibres according to the World Health
Organization (WHO) and European law [1,2]. On the other hand, some fibres of chrysotile and amosite
ground for 5 min still showed lengths >5 µm. After grinding for 10 min, all chrysotile and amosite
fibres also became smaller than the regulated fibres. TEM results show that the final product obtained
after 10 min of grinding is composed of non-crystalline particles and very few small fibres in all three
samples. However, both the crystallinity and the chemical composition of these fibres are preserved.
TEM micrographs of the samples show fewer fibres as milling progresses (Figure 8). These observations
occurred simultaneously with: (i) the disappearance of diffraction peaks from the asbestos samples
observed by XRPD; (ii) a reduction in the enthalpy of dehydroxylation of asbestos samples.

5. Conclusions

New data on thermal behaviour, crystallinity and size of chrysotile, amosite and crocidolite
after grinding treatment are reported in this work. Crystallinity, thermal behaviour, size and other
characteristics of chrysotile, amosite and crocidolite grinding for 30 s, 5 and 10 min were evaluated by
X-ray powder diffraction, thermal analysis and TEM/AEM methods. This study showed that grinding
of chrysotile, amosite and crocidolite causes: (i) shift to lower temperatures of asbestos breakdown
due to the increase in lattice strain and the decrease in crystallinity; (ii) the decrease of the enthalpy of
dehydroxylation (∆Hdehy); (iii) a significant reduction in the amount and size of fibres in the samples.

Moreover, results show that, after 10 min of grinding, the chrysotile, amosite and crocidolite
fibres were all below the dimensions that define a regulated fibre according to the WHO and European
law [1,2]. This fact was never recognized in previous papers. For the first time, we demonstrated
the possibility to decrease the enthalpy of dehydroxylation (∆Hdehy) of chrysotile, amosite and crocidolite
asbestos by increasing the time of grinding from 30 s to 10 min. This is a very important outcome,
since the decrease in enthalpy means the possibility to destroy the fibres at lower temperatures
than those used for the destruction of the mechanically untreated fibres. In other words, fibres with
structural defects or partially destroyed require less thermal energy to be transformed into
non-hazardous material. Five minutes of grinding before thermal treatment are sufficient to
achieve a significant reduction of the amount of energy required to dehydroxylate chrysotile,
amosite and crocidolite, since this quantity remains almost the same even after 10 min of grinding.
The increase in specific surface area attributed to the reduction in particle size obtained after 5 min
of grinding treatment could improve the results of chemical inertization of asbestos, as the higher
reactivity of the particles produces a faster reaction to acids.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/4/135/s1,
Figure S1: XRPD diagrams after the heating at 1000 ◦C of chrysotile ground for 30 s, 5 min and 10 min.
Newly formed phases: F = forsterite; E = enstatite; H = hematite already present as an impurity; Figure S2:
XRPD diagrams after the heating at 1000 ◦C of amosite ground for 30 s, 5 min and 10 min. Newly formed
phases: H = hematite, C = clinoferrosilite; F = fayalite; S = ferrosilite; Q = quartz already present as an
impurity; Figure S3: XRPD diagrams after the heating at 1000 ◦C of crocidolite ground for 30 s, 5 min and
10 min. Newly formed phases: Cr = cristobalite; H = hematite; A = aegirine.
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