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1 – INTRODUCTION 
In the following pages, a general introduction to the mineral fibres, their chemical-

physical property and issues related to their toxicity, is given. Parts of this chapter are 
taken from Gualtieri et al. 2012 and from “ATSDR Case Studies in Environmental 
Medicine” (CSEM) Asbestos Toxicity. Course: WB 2344 (www.atsdr.cdc.gov). 
 
1.1  Mineral fibres: an overview 

The general term “mineral fibres” refers to a group of minerals ubiquitous on the Earth 
crust. Among them, the most relevant and certainly the most feared ones are asbestos 
minerals and fibrous zeolites such as erionite (Mossman et al. 1990; Baumann et al. 2013) 
which possess a dreadful reputation because they may provoke fatal lung diseases 
(mainly lung carcinoma and pleural/peritoneal mesothelioma) through inhalation. 
The term ‘asbestos’ is a generic industrial-commercial term used to describe a group of 
hydrate silicate minerals that occur as bundles of flexible fibres, that can be separated 
into thin, durable threads (Benarie, 1986). 
Asbestos minerals are further subdivided into two major groups: serpentine asbestos and 
amphibole asbestos; the fibrous-asbestiform variety of serpentine is called chrysotile and 
represent the most commonly used form of asbestos. 

 

 
                                Fig. 1.1.1. SEM image of  a bundle of chrysotile fibres. 
 

Asbestos fibres are composed of smaller fibrillar components (usually called fibrils, 
Skinner et al., 1988) clearly visible along a bundle of folded fibres (Fig. 1.1.1). This peculiar 
crystal habit is called fibrous-asbestiform.  
The length of a single fibril may range from few microns up to decimetres, with a 
diameter in the order of tens nanometres, whereas the length of a fibre usually ranges 
from a few microns to decimetres, with a diameter usually smaller than 0.5 µm.  
The family of amphiboles includes five minerals: actinolite, amosite, anthophyllite, 
crocidolite and tremolite. With respect to chrysotile, amphibole fibres are more brittle 
and exhibit a stiff, needle-like crystal habit (Fig. 1.1.2). 
These six asbestos minerals exhibit outstanding properties that have been exploited in a 
countless number of mechanical and commercial applications, such as thermal insulation, 
building materials, fire- and bulletproof materials, textiles products, and many others.  
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                                     Fig. 1.1.2. SEM image of anthophyllite fibres. 
 

The most important chemical-physical and technological properties of the three major 
commercial asbestos are reported in table 1.1.1: 
  
Table 1.1.1  
Physical–chemical and technological properties of the three commercial asbestos minerals (From Gualtieri, 2012). 

Property 
Chrysotile 

(white asbestos) 
Amosite 

(brown asbestos) 
Crocidolite 

(blue asbestos) 
    

Acid resistance Not resistant Resistant Resistant 

Alkali resistance Resistant Resistant Resistant 

Decomposition point (°C) 450-700°C 950-1050 °C 950-1050 °C 

Density (g/cm3) 2.52-2.56 3.4-3.5 3.3-3.4 

Flexibilitya Good Fair Good 

Melting point (°C) 1500 1400 1200 

Mohs hardness 2.5-3 3.5-4.5 3.5-4.5 

Sound transmission coeff. (STC)b 70-90 60-70 60-70 

Surface area (m2/g) 10-20 5-15 5-15 

Tensile strength (kg/cm2)a 0.031 0.025 0.035 

Thermal conductivity (W/m2K) 0.1-0.2 0.2-0.4 0.2-0.4 
    

a
 From Skinner et al. (1988); 

b
 STC is an integer number which rates how well a material attenuates airborne 

sound according to the ASTM International Classification E413 and E90 in the USA and the Sound Reduction 
Index (SRI) ISO standard outside the USA. 

 
The fibrous zeolite erionite represents a special case, both from the chemical-
mineralogical and socio-economical point of view. In fact, it does not show an asbestiform 
crystal habit as that of the asbestos minerals, but is composed of individual fibres of small 
size (Fig. 1.1.3). 
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                               Fig. 1.1.3. SEM image of  erionite fibres. 

 
Its fame is primarily linked to the erionite-rich sedimentary stones used for building 
villages in Cappadocia (a region of central Anatolia in Turkey). There, mainly in the three 
villages of Karain, TuzcÖy and Sarihidir, exposure to erionite fibres occurs in the houses, 
annexes, and streets of the villages and could also be detected in air samples obtained 
from those places; this causes a long term hazard for the inhabitants (Emri et al. 2002). In 
those villages, an impressive rate of malignant mesothelioma (MM) causes 50% of deaths 
in men and women (Bariş et al. 1995; Roushdy-Hammady et al., 2001). Recent studies 
indicate that the mutations of the enzyme BAP1 (a deubiquitylase that regulate key 
cellular pathways, including the cell cycle, cellular differentiation, cell death, 
gluconeogenesis and the DNA damage response, DDR) cause a novel cancer syndrome 
that, in conjunction with erionite exposure, seems to be an etiologic co-factor in the 
cause of malignant mesothelioma in genetically predisposed villagers (Roushdy-Hammady 
et al., 2001; Carbone et al. 2013). Opposite to chrysotile and amphiboles, erionite has 
never been used for industrial applications. 
Unfortunately, the fibrous crystal habit which confers excellent properties to all these 
minerals is also the casue of their toxicity potential. This concept especially applies to 
respirable fibres. In this regard, it’s important to define the concept of regulated asbestos 
fibres, as this parameter determine whether an ACW (Asbestos Containing Waste) is 
hazardous, defined in the Occupational Health and Safety Act (Act 85, 1993) as the ability 
to release “0.5 regulated asbestos fibres per milliliter”. A regulated asbestos fibre means: 
“A particle of asbestos with a length to diameter ratio greater than 3 to 1, a length 
greater than 5 µm and a diameter less than 3 µm”, according to the Environment 
Conservation Act 73, (1989). 
These fibres occur in different sizes in inhaled air: the largest one tend to deposit on the 
nasal mucosa or the oropharynx and are sneezed out or swallowed and never reach the 
lungs (NIOSH, 2011). Some of the smaller inhaled fibres are deposited on the surface of 
the larger airways where some of them are cleared by mucociliary transport and 
swallowing. Smaller fibres are deposited further down in the lung, especially in the 
bifurcations of the tracheobronchial tree, and some are deposited in the alveolar sacs 
(Broaddus, 2001). 
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There has been much scientific discussion about how fibre size affects the pathogenicity 
of asbestos. Some papers have shown cumulative fibre exposure to be an important risk 
factor for the development of asbestosis (Larson et al. 2010) but it should be remarked 
that asbestos fibres of all lengths cannot be excluded as contributors to asbestos-related 
diseases (Dodson et al. 2003). 
Once deposited in the lungs, fibres are subject to several lung defenses. The most 
important means of removal of insoluble particles deposited in respiratory tract airways is 
by mucociliary clearance. This cleared material is usually swallowed and enters the 
gastrointestinal tract or is coughed out in sputum and eliminated from the body (NIOSH, 
2011). When instead fibres are deposited in the alveoli, alveolar macrophages are 
involved. These specialized cells generally function to clear particles by enveloping them 
in a process called phagocytosis and then moving to the airways, where the particle-
containing macrophages are transported out of the lungs via mucociliary clearance.  
Nevertheless, in some cases, insoluble particles are not easily cleared from the alveoli by 
alveolar macrophages, because: 
 

 Some particles are highly reactive and toxic to the macrophage cells, which die 
before they can clear the engulfed particles.  

 Under "overload" conditions so many particles are inhaled that they overwhelm 
the ability of alveolar macrophages to clear them from the alveoli (Dodson and 
Hammar, 2011; Damjanov, 2012). 

 Fibres that are >10-15 μm cannot be completely engulfed by a single phagocytic 
cell, prompting frustrated phagocytosis (Brown et al. 2007; Donaldson, 2012).  
 

In addition to the above mechanisms, shorter fibres may travel from the alveoli to the 
lymphatic system of the lungs, or can migrate to pleural and peritoneal spaces, especially 
following patterns of lymphatic drainage (Broaddus 2001; Dodson et al. 2003).  
In any case, many fibres are retained in lung tissues for many years and how rapidly the 
body's defenses can clear them depends partially on the type of asbestos. While all types 
of fibres are retained for years in the lungs (ATSDR, 2001), amphibole fibres are degraded 
more slowly than chrysotile fibres of the same dimensions (Hillerdal 1999; Bernstein et al. 
2008) and this is one of the main reasons at the basis of the controversy to whether 
chrysotile asbestos is a potent carcinogen to humans or not (Kanarek, 2011; Qi et al. 
2013). 
Further details about the chrysotile issue are given in chapter 1.2 whereas in the 
following sections, a more detailed description of the aforementioned minerals is given. 
 
 

1.1.1  Amphiboles 
Amphiboles are one of the most complex group of rock-forming minerals, exhibiting 

large chemical variation and an incredible variety of parageneses (Hawthorne, 1983).  
The forms and habits adopted by the amphibole minerals are also diverse, but commonly 
columnar, acicular, or fibrous. In this thesis, only the (hazardous) fibrous amphiboles will 
be considered; a more detailed description of the amphiboles group can be found in  
Hawthorne (1981, 1983) Skinner (1988) and Hawthorne et al. (2007). 
Amphiboles crystallize in both igneous and metamorphic rocks; they have perfect 
prismatic cleavage that produces fine acicular fragments (Fig. 1.1.2) when the minerals 
are grounded or milled (Craighead and Gibbs, 2008). 
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The formation of amphibole asbestos is the result of single-crystal fibrillary growth 
through preferential extension along one crystallographic direction (Skinner, 1988). They 
typically occur in veins created when cracks form in rocks during earth movement 
(Skinner, 1988); in fact, it appears that fibres form in places where there is shearing (slip 
fibres) or rock dilatation (cross fibres) and it is not expected the formation of fibres in 
rocks that are not mechanically disturbed (Virta, 2003). 
From the crystallographic point of view, amphiboles are double-chain silicates with a 
Si(Al):O ratio of 4:11 and the oxygen atoms of the chains coordinated not only to Si(Al) 
but to a variety of other cation sites, yielding the following simplified general formula 
(Veblen, 1981): 
 

A0-1B2C5T8O22(OH,F,Cl,O)2 

 
Where T are the tetrahedral sites within the silicate chain (Si4+, Al3+), C are fairly regular 
octahedral cation sites M(1), M(2) and M(3) (Mg2+; Fe2+, Mn2+, Al3+, Fe3+, Ti3+, Ti4+), B are 
less regular octahedral or 8-fold coordinated cation sites M(4) (Na+, Li+, Ca2+, Mn2+, Fe2+, 
Mg2+), and A are irregular cation sites having coordination in the range 6 to 12 (Na+, K+). 
The tetrahedral sites are indicate by T whereas octahedral sites are indicated by M; there 
are two distinct tetrahedra designated as T(1) and T(2) and three distinct types of 
octahedra designated as M(1), M(2) and M(3). The double chain of corner-sharing 
tetrahedra and the strip of octahedra are linked by the M(4) site, and below the 
hexagonal ring of tetrahedra there is the A site, at the center of a large cavity (Fig. 1.1.4). 
 

 
Fig. 1.1.4. Sketch of the structure unit of amphibole asbestos composed of one-dimensional double-chains 
(a–b crystallographic plane). Yellow=M(1), green=M(2), blue =M(3), red=M(4) and the A site.  

 
Because of the presence of strong bonds, amphiboles normally crystallize along the 
crystallographic c direction (Ferraris, 2002). Hence, the fibrous crystal habit is due to the 
monodimensional character of their structural units (chains). 
The group of fibrous amphiboles includes five species, listed in table 1.1.2: 
 
 
 

A 

A 

A 

A 
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Table 1.1.2 
Chemical composition of the amphibole asbestos minerals together with their crystal symmetry. 
 

Sample Ideal chemical formula Crystal System 
   

fibrous actinolite (byssolite) Ca2(Mg,Fe)5Si8O22(OH)2 Monoclinic 

amosite (fibrous variety of grunerite) (Fe2+,Mg)7Si8O22(OH)2 Monoclinic 

fibrous anthophyllite (Mg,Fe2+)7Si8O22(OH)2 Orthorombic 

crocidolite (fibrous variety of riebeckite) Na2(Fe2+,Mg)3Fe2
3+Si8O22(OH)2 Monoclinic 

fibrous tremolite Ca2Mg5Si8O22(OH)2 Monoclinic 

 
 
1.1.2  Chrysotile 

Chrysotile, the fibrous-asbestiform variety of serpentine, occurs most commonly in 
metamorphosed serpentinite deposits, the host rock containing cross-fibre veins (Wicks 
and O’Hanley, 1988). Chrysotile fibres are almost always contaminated with other 
minerals, and trace metals are particularly abundant.  
Chrysotile (as well as lizardite and antigorite, all serpentine minerals) is a layer silicate 
composed of Si-centred tetrahedral (T) sheets in a pseudo-hexagonal network joined to 
Mg-centred octahedral (O) sheets in units with a 1:1 (T:O) ratio (Fig. 1.1.5a). The general 
chemical formula of serpentine minerals is (Mg,Fe,Al)3(Si,Al)2O5(OH)4. 
The lateral dimension of an ideal magnesium occupied octahedral sheet (b = 9.43 Å) is 
larger than the lateral dimension of an ideal tetrahedral silicon-occupied sheet (b = 9.1 Å). 
This misfit between the sheets is significant and is solved in different ways in the three 
serpentine minerals structures (an example is given in Fig. 1.1.6).  
In this thesis, only chrysotile will be considered; a full description of serpentine group 
minerals can be found in Giacobbe (2012).  
As a result of the polarity of the TO unit and the misfit between the T and O sheet (Bailey, 
1988), a differential strain occurs between the two sides of the layer.  
The strain is released by rolling the TO layer around the fibril axis (Fig. 1.1.6), which is 
usually the crystallographic a axis (clinochrysotile and orthochrysotile) and more rarely 
the crystallographic b axis (parachrysotile). 
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Fig. 1.1.5. a) Sketch of the structure unit of chrysotile asbestos with an Si-centred tetrahedral sheet joined 
to a Mg-centred octahedral sheet (b–c crystallographic plane); b) Bending of the layers in chrysotile at a 
molecular scale, resulting in a rolled carpet-like microstructure which is a fibril at the microscale (From 
Gualtieri 2012). 

 
The fibrils are thus composed of concentrically or spirally curved layers, forming a tubular 
structure (Yada, 1971). By this mechanism, a layer silicate assumes a fibrous crystal habit 
(see Fig. 1.1.5b). Because the layers cannot energetically withstand too tight a curvature, 
the rolls possess hollow cores with a diameter of about 5–8 nm (Cressey et al., 1994). 
 

 
Fig. 1.1.6. Comparison between the structure of antigorite and that of chrysotile (www.cefns.nau.edu). 

 
 
The earlier X-ray diffraction studies on chrysotile showed a remarkable distortion 
(curvature) of the unit cell with respect to the conventional crystal structures, so that a 
new theory specially formulated for cylindrical lattices was developed (Whittaker, 1956; 
Jagodzinski and Bagchi, 1953; Devouard and Baronnet, 1995). 
 

a 

b 
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1.1.3  Erionite 
Erionite is a widespread natural zeolite-group mineral; its fibrous form has usually 

sedimentary origin and often occurs as altered product of volcanic tuffs (Virta, 2002; 
Ballirano et al. 2009). 
From the structural point of view, it belongs to the ABC-6 family (Gottardi and Galli, 
1985), and its framework consists of columns of cancrinite cages (Staples and Gard, 1959; 
Gard and Tait, 1972; Gualtieri et al., 1998; Ballirano et al., 2009) connected along the z 
direction by double six-membered rings of tetrahedra, forming hexagonal prisms (Staples 
and Gard 1959); the cancrinite cages are alternatively rotated by 60°. Adjacent columns 
are linked by single six-membered rings connecting cancrinite cages at the same level (Fig. 
1.1.7), forming the larger cages distinctive of each topology: Erionite has large cages 
(erionite cages, or 23-hedra) with the larger openings formed by eight-membered rings 
(Smith and Bennett, 1981; Gualtieri et al. 1998; Ballirano et al. 2009). 
 

 
 
Fig. 1.1.7. Framework of erionite (From www.iza-online.org/natural/Datasheets/Erionite/erionite.htm). 

 

The erionite framework can also be described by the stacking along the z direction of 6-
rings following the AABAAC sequence. Intergrowth of erionite with offretite may occur, 
due to the close similarity between the two zeolites (Ballirano et al. 2009). In fact, 
offretite has an AABAAB sequence, and stacking faults corresponding to partial 
substitution of C with B six-membered rings have been observed (Schlenker et al. 1977). 
Erionite is hexagonal, space group P63/mmc (Kawahara and Curien 1969) and has the 
following simplified general formula (Coombs et al. 1997): 
 

K2(Na,Ca0.5)8[Al10Si26O72]·30H2O 
 
A large chemical variability is typical of this mineral, and for this reason three different 
species are identified, according to the most abundant extra-framework cation: Na-
erionite, K-erionite and Ca-erionite (Coombs et al. 1997; Passaglia et al. 1998; Gualtieri et 
al. 1998; Dogan and Dogan, 2008). 
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1.2  The “amphibole hypothesis” 
In the last two decades, these mineral fibres have been the subject of intensive 

multidisciplinary investigations as the mechanisms by which they induce cyto- and geno-
toxic damage remain poorly understood. In general, the cause-effect relationship 
between exposure to the fibres and the onset of mesothelioma and other lung diseases 
remains ambiguous. The difficulties mainly arise from the fact that mineral fibres display 
great variability in their chemistry, molecular arrangement, size and diameter, surface 
activity (Pollastri et al., 2014; paper 1, pag. 156), and ability to generate reactive oxygen 
species and biopersistence (Donaldson et al., 2010; Pollastri et al., 2014 and references 
therein) so that drawing a general conclusive model explaining their toxicity has been a 
pipe dream to date. 
Because of the existence of a grey area in the scientific knowledge, although it was 
proven that these mineral fibres, if inhaled, may induce lethal lung diseases (Doll, 1955; 
Lemen et al., 1980; Craighead et al., 1982; Mossman et al., 1996; Becklake et al., 2007; 
Kamp, 2009) there is still considerable controversy in the scientific community to whether 
chrysotile asbestos is actually a (potent) carcinogen to humans (Kanarek, 2011; Qi et al., 
2013).  
In general, the global scientific and political community is divided into two fronts: one 
side assumes that all above mineral fibres are indistinctly classified as potentially toxic 
substances; the other side instead promotes the safe use of chrysotile assuming that the 
potential toxicity of this fibre is much lower (or null) with respect to that of fibrous 
amphiboles and erionite. 
This latter position relies primarily on the fact that chrysotile is much less biopersistent 
compared to amphiboles and erionite, and therefore it's almost impossible to observe 
chrysotile fibers in the pleural cavity in the long term (Bernstein, 2014). 
At the moment, all amphibole asbestos minerals are banned worldwide whereas 
chrysotile is banned only in the countries where the line of the International Agency for 
Research on Cancer (IARC) of the World Health Organization and the National Toxicology 
Program has been fostered (Mossman and Churg, 1998; Hollan and Smith, 2001; Yano et 
al., 2001; Roggli et al., 2002; Pfau et al., 2005; Yarborough, 2007). Erionite, a human 
carcinogen listed by the IARC as a Group 1 Carcinogen, surprisingly has not been banned 
to date (Dikensoy, 2008). 
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1.3  Aims of the thesis  
The purpose of this thesis is the characterization of the major mineral fibres of social 

and economic-industrial importance (conducted, for the first time, in a systematic way) 
starting with a full mineralogical-structural and microstructural investigation combined 
with physical-chemical and biological tests, in order to explain the nature of the biological 
interaction mechanisms of chrysotile, amphiboles and erionite and compare them so to 
draw a convincing rank of toxicity of mineral fibres. 
The final aim is to contribute to develop of a general conclusive model to assess the 
biological toxicity of mineral fibres and understanding the interaction mechanisms. This 
model would be very useful in consideration of the fact that there are many mineral 
fibres (like zeolites) not yet classified that might possess a toxicity potential. By applying 
the different chemical-physical properties of a not-classified fibre to the model, its 
potential degree of toxicity could be calculated and new cases of mass exposure as 
Biancavilla for fluoro-edenite (Comba et al. 2003) and TuzcÖy for erionite (Dumortier et 
al. 2001) could be avoided. 
For the achievement of such objectives, since 2011 the research project “Sviluppo di un 
modello generale di interazioni tra fibre minerali e cellule biologiche”, a part of the 
comprehensive granted long term Italian Research Project of National Interest (PRIN) 
entitled “Interazione fra minerali e biosfera: conseguenze per l'ambiente e la salute 
umana” is being in progress. 
It should be remark that this topic has already been the subject of many studies, which, 
however, were always focused on a specific aspect of the problem and/or only on one of 
the mineral fibres considered, but never following a systematic and standardized 
approach; this strategy results in a very huge amount of spot data available in the 
literature which can be of support to our study. 
As a first step, the mineralogical characteristics such as the presence of impurities, the 
surface reactivity, the crystal structure and the chemical environment of the iron within it 
will be studied. Then, reached a good level of physical-chemical characterization of the 
samples, investigations will be addressed on aspects of biological interaction; specifically, 
to the structural changes undergone by the fibres after being in contact with human cell 
cultures and to dissolution experiments in contact with simulated lung fluid solution (SLF) 
at acidic pH. A combination of several analytical techniques, both using conventional and 
non-conventional sources, will be applied to reach the objectives of the thesis. 
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2 – MATERIALS AND METHODS 
 
2.1  Samples selection 

The samples investigated in this thesis are eight mineral fibres, selected for their socio-
economic and industrial importance; details of samples are given in Table 2.1.1: 

 
Table 2.1.1 
Nature and details of the investigated mineral fibres. 

Sample Provenance  Notes 

Chrysotile Quebec (Canada)a  UICC standard Chrysotile “B” 
Canadian NB #4173-111-1  

Chrysotile Balangero, Turin (Italy)    

Chrysotile Val Malenco, Sondrio (Italy)   

Crocidolite    
 

Koegas Mine, Northern 
Cape (South Africa) 

 UICC standard Crocidolite 
South African NB #4173-111-3 

Amosite Penge mine, Northern 
Province (South Africa) 

 UICC standard Amosite  
South African NB #4173-111-4  

Fibrous tremolite Val d’Ala, Turin (Italy)   

Fibrous anthophyllite  Paakkila mine, Paakkila 
(Finland) 

 UICC standard Anthophyllite 
Finnish NB #4173-111-5 

Fibrous erionite Jersey, Nevada (USA)    
    

a
Mixture of fibre from the firms Bells, Carey, Cassair, Flintkote, Johns-Manville, Lake, Normandie and 

National, proportioned roughly to represent Canadian production of asbestos products at that time. 

 
The chrysotile and amphibole samples have been selected because they are the mineral 
fibres that have been most widely used in human history (there is evidence that 
amphibole asbestos was used already in Stone Age, as long as 7000-10000 years ago) for 
an endless variety of applications (see Chapter 1), even if chrysotile is by far the 
predominant asbestos fibre ever used. Specifically, UICC Canadian chrysotile has been 
selected as standard reference; that of Balangero for the relevant implications that has 
been in Italian history (Silvestri et al. 2001; Mirabelli et al. 2008) and that of Val Malenco 
for the lack of data regarding its cancerogenicity. The UICC standard anthophyllite, 
crocidolite and amosite samples were selected as they occur in the most exploited and 
important mining areas worldwide. Fibrous tremolite has been selected both for its high 
toxicity potential (Pacella et al. 2008) and because it is not uncommon to find its fibres as 
contaminant in chrysotile, making it a determining variable in the already discussed 
chrysotile issue. Their large and widespread use results in a remarkable exposure of the 
population to these mineral fibres. Exposure continues today because a huge amount of 
asbestos containing materials are still present in the work and living environments, such 
as asbestos-cement (AC) slates. 
Erionte was instead chosen both for its high toxicity potential (see Chapter 1), for its 
widespread occurrence throughout the world in sedimentary rocks and for its chemical-
physical characteristics considerably different compared to that of the other mineral 
fibres. 
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Moreover, regarding chrysotile UICC, crocidolite UICC and erionite, these fibres were 
selected also because they are exactly the same used for a past in vivo testing performed 
in '80s by the Ramazzini Cancer Research Institute (Bentivoglio, Bologna, Italy) to assess 
their cancerogenicity (Maltoni and Minardi, 1989). 
 

 
2.2  Samples preparation 

The raw samples consist of actual clumps (UICC and Balangero) and macro-bundles 
(Val Malenco) of fibres regarding the three chrysotile samples whereas amphiboles and 
erionite appear as bulk or powders-like samples; for this reason, depending on the 
analysis to be performed and results to be achieved, different samples preparation 
techniques were used.  
The main difficulties concern the chrysotile samples as these fibres are very flexible and 
resistant to abrasion, and therefore almost impossible to be powdered. It was necessary 
to obtain powder or at least short fibres samples for two main reasons: 1) Because of the 
need to perform analysis on two classes of length of the fibres, in order to check for any 
differences in toxic potential between short and long fibres, also in consideration of the 
dimensions of regulated fibres (see 1.1 section); 2) For the needs of some experimental 
techniques, such as XRPD, that must be carried out on powder homogeneous samples.  
Furthermore, it should be remark that in any case it would be impossible to fill the 
capillary tubes for XRPD analysis (with a diameter ranging from 0.1 to 0.5 mm, because 
with larger diameters the absorption of X-rays would be too high), with raw chrysotile 
fibres. 

 
 

2.2.1 Gravitational separation  
In order to obtain two distinct size classes of fibres for each sample, gravitational 

separation in wet conditions were performed. After being coarsely crushed by hand in an 
agate mortar,  samples have been diluted in a large quantity of distilled water to attempt 
wet gravitative separation using the Appiani levigator (Fig. 2.2.1) method (Jolicoeur et al. 
1981). The procedure takes approximately 3 h per 
sample. The obtained material have been dried in 
heater at 60 °C until the complete evaporation of 
the water; then, the two classes were 
characterized by scanning electron microscope 
(SEM) analysis in order to verify the outcome of 
the separation procedure, to check for the 
chemical composition of the fibres using an 
energy dispersive X-Rays fluorescence 
spectrometer (EDS) and to estimate the average 
length of the fibres for each class (by analysing the 
SEM images using the ImageJ software, version 
1.42q; Rasband, 2008). Analyses were conducted 
using a Philips XL-40/604 instrument equipped 
with EDS. For the observations, a tiny amount of 
sample was loaded on an aluminium stub and 
coated with a gold 10 nm thick film (further 
details are given in the paragraph 2.3.1).                          Fig. 2.2.1. The Appiani levigator. 
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2.2.2 Cryo-grinding  
As already mentioned in paragraph 2.2, the need to perform XRPD experiments for 
structural analysis, has required the preparation of finely powdered samples. Whether 
this is relatively simple for amphiboles and erionite samples, it is considerably 

complicated for the chrysotile samples. 
In fact, conventional grinding techniques 
such as dry grinding in steel shatterbox 
(used in Viani et al. 2013) or wet grinding 
(both mechanical mill and manual in a 
mortar) have no effect on chrysotile 
fibres. For this reasons, we have opted 
for a cryo-milling in wet conditions, using 
a milling machine with jar and grinding 
balls in Cr-doped steel equipped with a 
vessel which injects liquid nitrogen 
directly on the jar while the machine is 
running (Fig. 2.2.2). This procedure 
allowed to obtain powderized chrysotile 
samples, perfectly suitable to be 
inserted in capillary tubes for 
synchrotron XRPD analysis. 

                                  
 

 
Fig. 2.2.2. Cryo-milling machine in function. Liquid nitrogen  
descends from the vessel (1) through the tube on the right, 
to get in contact (externally) with the jar (2) containing the 
sample and the milling balls. 

 
 

2.2.3 Preparation of Simulated Lung Fluids solutions 
For selected experiments, Simulated Lung Fluids (S.L.F.) solutions have been prepared; 

specifically, for  Zeta Potential (indicated by the Greek letter ζ) measurements, an organic 
Gamble's modified solution  has been selected (Guldberg et al. 1998). Reagents used and 
their quantities are shown in Table 2.2.1a. With respect to the original formula, 250 ml of 
double-distilled water solution were used and no HCl was added. The pH of the obtained 
solution was monitored using a Criston Series 2000 instrument. A few drops of NaOH 
were also added to obtain a neutral pH. A starting solution having pH 7 was chosen to 
reproduce the extra-cellular environment. Subsequently, a part of the solution was 
adjusted to pH 4.5 using diluted HCl, to replicate the chemical environment present 
within phagolysosomes (intracytoplasmic vacuoles which are formed when a eukaryotic 
cell incorporates foreign material).  
For dissolution experiments it was instead used another formula for the preparation of 
the so called Artificial Lysosomal Fluid (A.L.F.) solution (reported in Marques et al. 2011) 
whose composition is given in Table 2.2.1b. 
During the preparation of both solutions, the components have been added in the order 
presented in Table 2.2.1 to avoid salt precipitation. 

 
 

1 

2 
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Table 2.2.1 
S.L.F. liquid compositions starting from 250 ml of double-distilled water. 40% (15 ml) of formaldehyde was 
added to prevent growth of algae. a) Composition of the Gamble’s solution; b) Composition of the A.L.F. 
solution. 

 

 Reagent Quantity used  
    

 MgCl2*6H2O 53.0 mg  
 NaCl 1.6 mg  
 Na2HPO4 37.0 mg  
 Na2SO4 20.0 mg  
 CaCl2*2H2O 64.0 mg  
 NaHCO3 0.7 mg  
 Na3 citrate*2H2O 38.3 mg  
 NaOH -  
 Citric acid -  
 C2H5NO2 (glycine) 29.5 mg  
 Na3 tartrate*2H2O 45.0 mg  
 Na lactate (60% w/w) 72.5 mg  
 Na pyruvate 43.0 mg  

 
    

 Reagent Quantity used  
    

 MgCl2*6H2O 26.7 mg  
 NaCl 802.0 mg  
 Na2HPO4 18.0 mg  
 Na2SO4 10.0 mg  
 CaCl2*2H2O  32.0 mg  
 NaHCO3 -    
 Na3 citrate*2H2O 19.3 mg  
 NaOH 1500.0 mg  
 Citric acid 5200.0 mg  
 C2H5NO2 (glycine) 14.8 mg  
 Na3 tartrate*2H2O 22.5 mg  
 Na lactate (60% w/w) 35.4 mg  
 Na pyruvate 21.5 mg  

 
By comparing the two tables it should be remarked that, although many reagents are in 
common, use of citric acid and NaOH were used for the A.L.F. solution. This formulation 
allows to obtain a solution which possesses a suitable pH to the experiments of 
dissolution (namely that of the phagolysosome, around 4-4.50) without the need to 
adjust it with HCl. 
We have chosen this new formulation since it is analogous to the organic fluid that 
inhaled particles come in contact with after phagocytosis by alveolar and interstitial 
macrophages in the lung (Marques et al. 2011). Therefore this fluid is similar to the 
environment of dissolution of the mineral fibres reaching the alveolar space.  
 
 

a) 

b) 
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2.2.4 In vitro toxicity tests 
In order to explore the characteristics of the fibres after being in contact with cell 

cultures, representative samples of chrysotile UICC, crocidolite UICC, chrysotile Val 
Malenco and erionite have been selected and treated with cultured diploid human non-
tumorigenic bronchial epithelial (Beas2B) and pleural transformed mesothelial (MeT5A) 
cells. Tests were conducted at the Department of Clinical and Molecular Sciences and 
Histology of the Marche Polytechnic University, under the supervision of Prof. Armanda 
Pugnaloni. 
Both cell lines are widely used to assess the cytotoxicity in vitro of particles, nanoparticles 
and fibres. They also provide an in vitro model for the effects of asbestos fibres in lung 
and serous cavities (the mesothelium of pleura and peritoneum) which are key target 
tissues for asbestos-related disease (Wu et al., 2014; Li et al., 2012; Pugnaloni et al., 2007; 
Nygren et al., 2004; Liu et al., 2000; Pache et al., 1998). 
MeT5A, human simian virus 40 (SV40)-immortalized pleural mesothelial cells, were grown 
at 37 °C in a humid atmosphere of 5% CO2 in RPMI-1640 medium; Beas2B, SV40 large T 
antigen-immortalized (derived from normal human bronchial epithelium; ATCC® 
CRL9609™, Rockville, USA), were grown at 37 °C in DMEM High Glucose (4.5 g/l) medium 
with L-Glutamine. Both cell lines were supplemented with 10% fetal bovine serum (from 
Gibco, USA), 2mM l-glutamine, 100U/ml penicillin and 100U/ml streptomycin (Sigma-
Aldrich, Milan, Italy).  
Cells were passaged every 1–3 days by digestion with 0.25% trypsin (Sigma-Aldrich) 
containing 0.02% EDTA. Cells (70,000 Beas2B or 90,000 MeT5A) from log phase cultures 
were plated in T 25 flasks (area 25 cm2) on the day prior to exposure. For the 
experiments, fibres have been weighed, suspended by vortexing in culture medium and 
added to the cultures at a concentration of 50 mg/ml; semi-confluent cultures of cells 
were exposed to for 24, 48, 72 and 96 h. 
After exposure, samples were washed, firstly with culture medium and then with 
Phosphate-buffered saline (PBS). Cells were then trypsinized, re-suspended in medium, 
washed with PBS in vitreous vials and centrifuged. Later, to digest the biological 
components, materials have been rinsed in 13% sodium hypochlorite for at least 2 h at   
50 °C until full transparency of the liquid was obtained. 
Suspensions were finally filtered with a vacuum pump (Merck Millipore) on polycarbonate 
filters with pore diameter of 0.4 µm (Merck Millipore); filters were washed with warm 
distilled water to discard residual sodium hypochlorite crystals, deposited on glass and 
oven dried at 50 °C. In a second step, filters were sealed between two Kapton sheets for 
synchrotron investigation. 
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2.3  Conventional Methods 
In this section the equipments, operating conditions and methodologies used for the 

characterization of samples using conventional methods, will be described. Parts of this 
chapter are taken from Murad and Cashion (2011), Giacobbe (2012), Gigli (2014),  
www.particle.dk and from www.rsc.org. 
 
2.3.1  X-Ray Powder Diffraction (XRPD) 

X-Ray Powder Diffraction (XRPD) patterns were collected for the determination of 
impurities (if present) and the refinement of the crystalline structure of the samples prior 
to synchrotron radiation experiments. 
Measurements were conducted using a Bragg–Brentano PANalytical X’Pert Pro 
diffractometer, with a Θ–Θ geometry, Cu Kα radiation, 40 kV and 40 mA and an RTMS 
(Real Time Multiple Strip) detector. 
When a large quantity of sample was available, a zero background sample holder made of 
glass was used, with the material placed with side loading mode. Instead, for small 
amounts of sample (i.e. all the resulting materials from the dissolution experiments), a 
zero background plate made of single crystal silicon, cut at special orientation, has been 
used; in this case, the material was dispersed on the sample holder with some drops of 
ethanol. 
Data were collected in continuous mode, with 15 mm mask and 1/2° fixed divergence and 
antiscatter slits mounted in the incident beam pathway, 0.04 rad soller slits on both the 
incident and the diffracted beam pathway, and fixed 10 mm RTMS slit and a Ni filter in 
the diffracted beam pathway. An integrated step scan of the RTMS detector of 0.0167 
°2Θ was used with a counting statistics of 75 s/step from 3 to 70 °2Θ.  
Quantitative phase analysis (QPA) was performed using the Rietveld method (Rietveld, 
1969). Refinements were accomplished with the GSAS package (Larson and Von Dreele, 
1999) and its graphical interface EXPGUI (Toby, 2001). For the samples that could contain 
amorphous phase, pure α-alumina (corundum) NIST 676a has been added to the powders 
in a quantity of approximately 10 wt%, allowing the determination of both crystalline and 
amorphous content using the combined Rietveld–RIR method (Gualtieri, 2000). 
For fibrous tremolite, the determination of the crystal structure has been performed 
using single crystal data, that have been collected using a Bruker Smart Breeze 
diffractometer (available at the department of Earth Sciences, University of Pisa) with an 
air-cooled CCD detector and graphite-monochromatized Mo Kα radiation. Data were 
collected with a detector-to-crystal working distance of 50 mm, 50 kV and 40 mA, scan 
mode ω and φ, 0.5° amplitude rotation, 1188 frames collected with a 45 s exposure time 
for each frame, until 74 °2Θ. Data were refined using the software SHELXL (Sheldrick, 
2015). 
Through the Rietveld method, it is possible to perform the analysis of the measured 
profile trying to model and optimize simultaneously both the information related to the 
sample (type and relative abundance of crystalline phases, structural model, 
microstructural and textural parameters) and those related to the instrument used 
(wavelength, optical components, background instrumental, etc) (Rietveld, 1967 and 
1969; Young, 1993; Bish  and Post, 1989). This method is generally based on a nonlinear 
least squares minimization. It was introduced in the second half of the '60s by H. M. 
Rietveld and entered in the current terminology such as the Rietveld method.  
To carry out a Rietveld refinement, diffraction pattern must have a numerical intensity 
value yi, at each of several thousand equal increments (steps), i, in the pattern.  
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Typically step size range from 0.01 to 0.05 °2Θ for fixed wavelength X-ray data and the 
number of steps in powder diffraction is usually in the order of thousands. Important to 
note that, in all cases, the “best-fit” sought is the best least-squares fit to all of the 
thousands of yi’s simultaneously (Young, 1993). All the measured points of the 
experimental profile are used as observed parameters; the quantity minimized in the 
least-square refinement is the residual, Sy:  
 

Sy = ∑i  wi (yi – yci)
2 

 

Where Sy is the residual function; Yi the observed intensity for the ith step; Yci the 
calculated intensity for the ith step and wi the weight of each individual observation 
according to Poisson statistics, and is equal to 1/yi (Young, 1993). 
The sum is extended to all the points of the diffraction pattern. For these reasons it can 
be used for qualitative analyses (phase identification) but also to obtain more detail 
information on the given phase (quantitative analysis, structural analysis, microstructural 
analysis, texture analysis) 
The quantitative analysis of different crystalline phases present in a mixture is based, in 
general, on the principles that there is a proportionality between the measured 
diffraction intensities and the amount of the given crystalline phase in the mixture. The 
Rietveld method in QPA uses the refined scale factors over the whole powder pattern to 
obtain the  phase quantitative information. Standardless method are based on 
assumption that the entire sample is crystalline and included in Rietveld model: 
 

Wα = Sα(ZMV)α / ∑j Sj(ZMV)j 
 
 

Where Wα is the weight fraction of phase α, in an n component mixture; S the Rietveld 
scale factor and ZMV the mass and volume of unit cell. 
Concerning structural analysis, the relative intensities of the peaks are determined by the 
type and position of the atoms within the unit cell, thermal displacement and occupancy 
factors. Indeed Ihkl, the intensity of each reflection, is proportional to the square of the 
structure factor Fhkl expressed by the summation extended to all the n atoms of the unit 
cell: 
 

Fhkl = Σi Χi fi exp [ 2πi ( hxi + kyi + lzi ) ] exp [ - Mi] 

 
Where fi is the scattering factor, which identifies the type of atom; h, k, l are the Miller 
indices; xi, yi and zi are the position parameters of the i-th atom in the unit cell; Mi the 
parameter related to the thermal displacement factor and Xi the site occupancy factor. 
A complete description of the theory at the base of the Rietveld method can be found in 
Young (1993) and in Dinnebier and Billinge (2008). 
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2.3.2 Electron Micro Probe Analysis (EMPA) 
Electron Micro Probe Analysis (EMPA) for the quantitative chemical compositions of all 

samples was performed at the Department of Environmental and Territory Sciences and 
of Earth Sciences of the University of Milano-Bicocca (Italy). A JEOL 8200 Super Probe 
instrument with W hairpin type filament and minimum accelerating voltage of 30 kV, was 
used. Analyses were performed on accurately selected fibres (then they should be highly 
reliable) under the supervision of dott. Alessandro Cavallo. 

 
 
2.3.3  Fourier Transformed Infrared (FTIR) and Raman Spectroscopy 

FTIR and Raman data were collected at the Institute of Theoretical and Applied 
Mechanics of ASCR, Centrum of Excelence Telč, Batelovská, Telč (Czech Republic). FTIR 
analysis were performed using an Infrared Nicolet iN10 microscope with Nicolet iZ10 FT-
IR module, with a 150x300 µm window. 
Raman spectra were collected in the spectral range 1800 – 50 cm-1, with a laser of 532 nm 
and a power of 10 mW, employing a DXR Raman spectrometer (Thermo Scientific) 
equipped with a 1024 x 256 CCD detector. The laser beam (diameter about 0.6 µm) was 
focused with a 100x objective (Numerical Aperture = 0.90). Several spectra were collected 
from different regions of each sample as matrices of points with steps of 1 µm. Both 
experimental techniques were performed under the supervision of dott. Petra Mácová. 
 
 
2.3.4 Scanning Electron Microscopy (SEM) 

Electron microscopy exploits the interactions that occur between an incident electron 
beam and the atoms in the sample (Fig. 2.3.1); a detailed description of the theory of the 
electron microscopy techniques is found in Wells (1974), Wenk (1976) and McLaren 
(1991). 
The first necessary condition is obviously that the electrons hit the sample; those that 
pass through it constitute the so called direct beam and are used in transmission electron 
microscopy (TEM). When an electron hits a material, in general, two different kind of 
interactions can occur: elastic and inelastic. 
In the elastic interaction, the energy is transferred from the electron to the sample, and 
thus the electron leaving the sample possess the same energy of the incident one; this is 
the case of backscattered electrons (BSE), which are “reflected” (backscattered) out of 
the specimen interaction volume. BSE are used mainly because their intensity is strongly 
related to the atomic number of the elements composing the sample; specifically, 
elements with an higher atomic number backscatter electrons more strongly and thus 
appear brighter in the image, allowing to detect information about the distribution of 
different elements. 
Concerning the inelastic interactions, the energy is lost through the transfer of energy to 
the specimen and this can lead to the ejection of secondary electrons (SE) besides the 
production of visible light fluorescence (cathodoluminescence) and heat as a result of 
these interactions. Secondary electrons are further divided into slow and fast; slow SE 
result from the ejection of electron located in the valence or conduction band and need 
only the transfer of small amount of energy (< 50 eV) to be ejected in the vacuum.  
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Fig. 2.3.1. Scheme of electron-matter interactions arising from the impact of an electron beam onto a 
sample (Image taken from www.ammrf.org.au). 

 
Fast SE result from the inner shell of an atom, and thus less readily ejected; the process 
leads to an ionization of the atom and subsequently to the generation of characteristic X-
rays and/or Auger electrons. 
The electron microscopy technique was used mainly for estimating the average fibre 
length and diameter of each sample and to check the chemical composition of fibres and 
impurities eventually present (in Pollastri et al. 2014). Images were collected at CIGS 
(Centro Interdipartimentale Grandi Strumenti, University of Modena and Reggio Emlia) 
using a Philips XL40/604 and an ESEM Quanta-200 microscopes, both equipped with X-
Ray fluorescence spectrometer which allows spot quantitative chemical analysis (EDS). 
All specimens were mounted on Al stub and coated with gold (10 nm thick film). 
 
 
2.3.5 Surface area measurements 

The surface area of the samples has been measured using the Brunauer-Emmet-Teller 
theory (Brunauer et al. 1938), one of the most widely used method for the determination 
of the surface area of solids (the BET method). These authors showed that gas molecules 
are adsorbed layer by layer.  
This technique allows to determine the specific surface area of powders by physical 
adsorption of gas (usually N2) on the surface of a solid and by calculating the amount of 
adsorbate gas corresponding to a monomolecular layer on the surface.  
Physical adsorption results from relatively weak forces (van der Waals forces) between 
the adsorbate gas molecules and the adsorbent surface area of the powder. The 
determination is usually carried out at the temperature of liquid nitrogen. The amount of 
gas adsorbed can be measured by a volumetric or continuous flow procedure.  
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The basis of the technique is the Brunauer-Emmett-Teller (BET) adsorption isotherm 
equation: 

 

 
 

Where P is the partial vapour pressure of adsorbate gas in equilibrium with the surface at 
the boiling point of the used gas (77.4 K for liquid nitrogen); P0 is the saturated pressure 
of adsorbate gas; Va is the volume of gas adsorbed at standard temperature and pressure 
(STP, 273.15 K and atmospheric pressure) in ml; Vm is the volume of gas adsorbed at STP 
to produce an apparent monolayer on the sample surface, in ml; C is a constant related to 
the enthalpy of adsorption of the adsorbate gas on the powdered sample. 

A value of Va is measured at each 
values of P/P0; a minimum of 3 data 
points is required. Then the BET value 
(the left term in the equation 2.3.4) is 
plotted against P/P0; this plot (shown 
in Fig. 2.3.2) should yield a straight 
line usually in the approximate 
relative pressure range 0.05-0.3. The 
data are considered acceptable if the 
correlation coefficient (r) of the linear 
regression is not less than 0.9975. 
Additional measurements may be 
carried out, especially when non-
linearity is obtained at a P/P0 value 
close to 0.3.  

 
 
 
 

 
Fig. 2.3.2. Diagram of the P/P0 ratio against the left term of the equation 2.3.4. 

 
From the slope and intercept of the resulting liner plot (respectively equal to (C−1)/VmC 
and 1/VmC, evaluated by linear regression analysis) Vm is calculated as 1/(slope+intercept) 
while C is calculated as (slope/intercept)+1. Using the value of Vm so determined, the 
specific surface area, S, in m2·g-1, is calculated using the equation: 
 

 
 

Where NA is the Avogadro constant (6.022 × 1023 mol−1); a is the effective cross-sectional 
area of one adsorbate molecule, in square metres (0.162 nm2 for nitrogen and 0.195 nm2 
for krypton); m is the mass of the sample and 22400 is the volume occupied by 1 mole of 
the adsorbate gas at STP allowing for minor departures from the ideal. 

[2.3.4] 
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Measurements were performed using a Gemini-V instrument (Micromeritics,  supplied at 
the Department of Engineering “Enzo Ferrari”, University of Modena and Reggio Emilia) 
with nitrogen as probe gas. About 500mg of sample were mounted in the sample holder 
and conditioned at 50 °C prior to precise weight determination using an analytical 
balance. 
 

 
2.3.6 Measurements of the ζ potential 

Many of the important properties of colloidal systems are determined directly or 
indirectly by the electrical charge (or potential) on the particles. The potential distribution 
itself determines the interaction energy between the particles, and this is in many cases 
responsible for the stability of particles towards aggregation and for many aspects of the 
flow behaviour of the colloidal suspensions (Hunter, 1981). 
ζ potential (or electrokinetic potential) is a physical property which is exhibited by any 
particle in suspension. Specifically, is the potential generated following the formation of 
an electrical double layer at the surface of a particle immersed in a liquid. The concept of 
electrical double layer was introduced for the first time in 1879 by Helmholtz, who 
suggested a metal/aqueous solution interface consisted of a layer of electrons at the 
surface of the electrode and a monolayer of ions in the electrolyte (Sparnaay, 1972). 
Later, in the early 1900', Gouy, Chapman, and others (Namisnyk, 2003) developed a 
model according to which the double layer is not rigid, but diffuse, extending freely to a 
certain depth in the liquid. According to this model, the first layer of charges in the liquid 
phase, is not sufficient to compensate the number of charges adsorbed by the particle 
itself. As in the Helmholtz model, the charges of this first layer in the liquid phase are 
regularly arranged according to a constant value of surface charge density, but they are 
insufficient to compensate the electric potential raised by the presence of charges with 
opposite site on the surface of the particle. Consequently, the electric potential does not 
vanish at the distance of this layer, but at a greater distance. Hence, beyond this layer will 
occur the presence of negatively and positively charged ions , but with a preponderance 
of those useful to compensate the residual electric potential. This charge distribution is 
expected to be ordered according to shells or layers of increasingly rarefied charges, or 
disordered depending on the various proposed models. In any case, these models are still 
unable to correct deviations from the real behavior of the theoretical predictions of the 
Helmholtz model.  
In 1924, Stern developed a model called “electrical double layer” or Gouy–Chapman–
Stern model (Stern, 1924). According to it (Fig. 2.3.3), the double layer is composed of 
two coronas: the first one, called Stern layer (with a Stern potential), is fixed to a very 
short distance from the surface of the solid (the particle itself with a surface potential); 
the second one is widespread, penetrating to a certain extent in the liquid phase.  
Within this diffused layer, there is a theoretical boundary where ions and particles form a 
stable entity (when the particle is moving, for example by gravity, the ions inside the 
boundary move with it, but all other ions beyond this limit do not travel with the particle) 
called surface of hydrodynamic cutting or sliding plane. The potential that exists at this 
boundary is known as ζ potential. 
A high absolute (negative or positive) value of ζ potential gives greater stability to the 
colloidal systems, because electrostatic repulsions (which prevent the aggregation of 
dispersed particles) are originated; on the contrary, when the absolute value of the 
potential is low, coagulation and flocculation are favoured.  
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Generally, the line of separation between stable and unstable suspensions is taken from 
−30 mV to +30 mV whereas particles with ζ potential more positive than +30 mV or more 
negative than  -30mV are normally considered stable.   
 

 
                                Fig.2.3.3. Diagram of the Gouy–Chapman–Stern model (From Wikipedia). 

 
The most important factor that influences ζ potential is the pH. A ζ potential value 
without a pH is a virtually meaningless number.  
If we imagine a suspended particle with a negative ζ potential: If alkalis are added to this 
suspension, the particles will tend to acquire a negative charge; if acid is then added to 
this suspension, a point at which the negative charge is neutralized will be reached and 
any further addition of acid can cause an accumulation of positive charge. Therefore a 
graph of ζ potential against pH will have a positive trend at low pH values, while it will be 
lower or negative at high pH values.  
The point at which the curve passes through the zero value of ζ potential is called 
isoelectric point and represents the point at which normally the colloidal system is less 
stable.  
It can be calculated using theoretical models, by measuring the electrophoretic mobility 
or can be determined from electrosmotic velocity (Smoluchowski, 1903): 
 
 

 
 
Where veo is the electrosmotic velocity, ɳ is the viscosity of the medium, E is the applied 
electric field strength, ɛ0 is the permittivity of vacuum, ε is the dielectric constant of the 
medium, assuming that ε and ɳ have the same values in the double layer as in the bulk 
solution.  
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ζ potential of investigated sample has been determined using the instrument “Zetasizer 
Nano series” (Malvern, supplied at the Department of Engineering “Enzo Ferrari”, 
University of Modena and Reggio Emilia) which can calculate the potential starting from 
the electrophoretic mobility and applying the Henry equation: 

 

 
Where ζ is the ζ potential, UE is the electrophoretic mobility, ɛ is the dielectric constant, ɳ 
the viscosity of the medium and ƒ(Ka) is the Henry’s Function (generally two values are 
used as approximations for the determination of ƒ(Ka): 1.5 or 1.0). The electrophoretic 
mobility is obtained by performing an experiment of electrophoresis on the sample and 
measuring the velocity of the particles via Laser Doppler velocimetry (LDV). 
The ζ potential of the fibres belonging to the two size classes was determined both in 
distilled water and in organic Gamble’s modified solution (Guldberg et al. 1998). For 
selected samples, measurements in the pH range 3 – 10 were conducted. The pH 
modifications in these cases were done using dilute HCl and NaOH (or KOH) solutions. 
Samples were added to the solute in a weight percentage of 0.1%; in addition to 
variations of the pH values, measurements were also conducted at different 
temperatures (25 °C and 37 °C, the latter being the physiological temperature of human 
body). Obviously, an instrumental standard error is associated to each measurement of ζ 
potential; for this reason, triplicate measurements were conducted for many samples to 
check for the reproducibility of the result. 
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2.3.7  57Fe Mössbauer spectroscopy 
Mössbauer spectroscopy (MS) is an high resolution and accurate methodology based 

on the Mössbauer effect (discovered in 1957 by  Rudolf Mössbauer), consisting in the 
recoil-free, resonant absorption and emission of gamma rays in solids. It is widely used in 
mineralogy, for the very precise quantitative determination of the valence state and 
coordination polyhedron of a chemical element. Despite it is limited to a relatively small 
number of isotopes, is commonly used for investigating 57Fe, both in amorphous and 
crystalline phases. A complete discussion of the Mössbauer spectroscopy can be found in 
Greenwood and Gibb (1971) and in Murad and Cashion (2011). 

 
 

2.3.7.1  Fundamentals of Mössbauer Spectroscopy 
Nuclei in atoms undergo a variety of energy level transitions, often associated with the 

emission or absorption of gamma rays; these energy levels are influenced and can be 
changed or splitted by their surrounding environment, both electronic and magnetic. 
These changes can provide information about the local environment of an atom within a 
system and can be observed using resonance-fluorescence. There are, however, two 
major obstacles in obtaining this information: 1) The 'hyperfine' interactions between the 
nucleus and its environment are extremely small; 2) The recoil of the nucleus as the 
gamma-ray is emitted or absorbed prevents resonance. A free nucleus, during emission or 
absorption of a gamma rays, tend to recoil due to the conservation of momentum, just 
like a gun recoils when firing a bullet, with a recoil energy ER (Fig. 2.3.4).  
 

 
Fig.2.3.4. Recoil of free nuclei in emission or absorption of a gamma-ray (from www.rsc.org). 

 
The emitted gamma ray possess ER less energy with respect to the nuclear transition, but 
to be resonantly absorbed it must be ER greater than the transition energy due to the 
recoil of the absorbing nucleus. To achieve resonance, the loss of the recoil energy must 
be overcome in some way. As the atoms will be moving due to random thermal motion, 
the gamma-ray energy has a spread of values ED caused by the Doppler effect; this 
produces a gamma-ray energy profile as shown in Fig. 2.3.5.  
To produce a resonant signal, the two energies need to overlap and this is shown in the 
red-shaded area. This area is shown exaggerated as in reality it is extremely small (a 
millionth or less of the gamma-rays are in this region) and impractical as a technique. 
What Mössbauer discovered is that when the atoms are within a solid matrix the effective 
mass of the nucleus is very much greater, namely the mass of the whole system, making 
ER and ED very small. If the gamma-ray energy is small enough, the recoil of the nucleus is 
too low to be transmitted as a phonon (vibration in the crystal lattice) and so the whole 
system recoils, making the recoil energy practically zero: a recoil-free event.  
In this situation, if the emitting and absorbing nuclei are in a solid matrix, the emitted and 
absorbed gamma-ray is the same energy, so resonance can be achieved; if emitting and 
absorbing nuclei are in identical environments, the transition energies are identical and 
this produces a spectrum with a single absorption line.  
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As the environment of the nuclei in a system to be investigated will almost certainly be 
different to that of the source, the hyperfine interactions between the nucleus and its 
environment will change the energy of the nuclear transition. 
 
 

 
 

Fig. 2.3.5. Resonant overlap in free atoms. The overlap shown shaded is greatly exaggerated (from 

www.rsc.org). 

 
To detect this we need to change the energy of the probing gamma-rays. As shown 
previously the energy changes caused by the hyperfine interactions to look at are very 
small, of the order of billionths of an electron volt; such minimal variations of the original 
gamma-ray are quite easy to achieve by the use of the Doppler effect. In the same way 
that when an ambulance's siren is raised in pitch when it's moving towards you and 
lowered when moving away from you, our gamma-ray source can be moved towards and 
away from the absorber. This is most often achieved by oscillating a radioactive source 
with a velocity of a few mm/s and recording the spectrum in discrete velocity steps. 
Fractions of mm/s compared to the speed of light (3x1011mm/s) gives the minute energy 
shifts necessary to observe the hyperfine interactions. For convenience the energy scale 
of a Mössbauer spectrum is thus quoted in terms of the source velocity, as shown in Fig. 
2.3.6.  
With an oscillating source we can now modulate the energy of the gamma-ray in very 
small increments. Where the modulated gamma-ray energy matches precisely the energy 
of a nuclear transition in the absorber the gamma-rays are resonantly absorbed and we 
see a peak. As this is seen this in the transmitted gamma-rays, the sample must be 
sufficiently thin to allow the gamma-rays to pass through, since the relatively low energy 
gamma-rays can be easily attenuated. In Fig. 2.3.6 the absorption peak occurs at 0 mm/s, 
where source and absorber are identical.  
The energy levels in the absorbing nuclei can be modified by their environment in three 
main ways: by the Isomer Shift, Quadrupole Splitting and Magnetic Splitting.  
The isomer shift (δ) is a relative measure describing a shift in the resonance energy of a 
nucleus due to the transition of electrons within its s orbital. This leads to a monopole 
interaction, altering the nuclear energy levels. Hence, any difference in the s-electron 
environment between the source and the absorber produces a shift in the resonance 
energy of the transition. This cause the shift of the whole spectrum, positively or 
negatively, depending on the s-electron density, and sets the centroid of the spectrum 
(Fig. 2.3.6 a).  
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As the shift cannot be measured directly it is quoted relative to a known absorber; for 
example 57Fe Mössbauer spectra will often be quoted relative to α-iron at room 
temperature.  
 

 
Fig. 2.3.6. Characteristic types of 

57
Fe Mossbauer spectra. Legend:  a) Simple spectrum showing an unsplit 

line with isomer shift; b) almandine, showing the characteristic large quadrupole splitting of high spin Fe
2+

 
compounds; c) α-Fe showing a magnetically split sextet with no quadrupole splitting; d) hematite, showing 
a small quadrupole splitting accompanying magnetic splitting; d) Western Australian "zebra rock ", showing 
part of the hematite is above the Verwey transition and part is below, giving rise to two sextets with 
quadrupole splittings of the opposite signs (from Murad and Cashion, 2011). 

 

Regarding the Quadrupole Splitting, it reflects the interaction between the nuclear energy 
levels and surrounding electric field gradient (EFG). It is due to the fact that nuclei in 
states with an angular momentum, I, greater than ½ posses a non-spherical charge 
distribution. This produces a nuclear quadrupole moment. In the presence of an 
asymmetrical electric field (produced by an asymmetric electronic charge distribution or 
ligand arrangement) this results in a splitting of the nuclear energy levels (Fig. 2.3.6 b). 
Finally, magnetic splitting (hyperfine splitting) is a result of the interaction between the 
nucleus and any surrounding magnetic field. If the material is magnetically ordered, the 
nucleus usually sees the electrons as a static magnetic field. The effect of a magnetic field 
is to completely split each of the nuclear levels with a spin of I into their (2I+1) 
components. These splitting result in the original spectrum being split into a larger 
number of lines, depending on the I values of the ground and excited nuclear states (Fig. 
2.3.6 c). Further details are provided in Murad and Cashion (2011). 
 
 

https://en.wikipedia.org/wiki/Electric_field_gradient
https://en.wikipedia.org/wiki/Hyperfine_splitting
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2.3.7.2  Operating conditions adopted 
The Mössbauer absorbers were prepared gently pouring powder samples together 

with powdered acrylic resin (Lucite) in a plastic holder 1 cm2 diameter.  
Given the different Fe content of the samples, a variable amount from 10 to 100 mg was 
used so that Fe total content of the absorber was between 1 and 5 wt%, within the limits 
for the thin absorber thickness (Long et al. 1983).  
57Fe-Mössbauer spectra were collected at room temperature, using a conventional 
spectrometer operating in constant acceleration mode with a 57Co source of nominal 
strength of 25 mCi in rhodium matrix, and recorded with a multi-channel analyzer using 
512 channels. The instrument is sited at the department of Earth Science of the University 
of Rome “La Sapienza” (responsible Prof. G. B. Andreozzi). 
After velocity calibration using a high purity α-iron foil (25 mm thick), the raw data were 
folded to 256 channels. To have good statistics, about 5x106 counts per channel were 
collected. The velocity range -10 to 10 mm/s was investigated to detect magnetic oxide 
impurities, in case they were present. The spectrum was fit using the Recoil 1.04 fitting 
program (Lagarec and Rancourt, 1998). Data analysis involved a curve-fitting procedure 
made by assuming a Lorentzian peak shape, and the statistical best fit was obtained by 
using the reduced χ2 method, with uncertainties estimated on the basis of the covariance 
matrix.  
In addition, fitting of Quadrupole Splitting Distribution was tried (as in the previously 
works of Gianfagna et al. 2007; Andreozzi et al. 2009) but did not improve the best fit 
obtained via Lorentzian curves. The experimental errors were estimated to be about 0.02 

mm/s for centre shift (), quadrupole splitting (EQ) and line width (), and about 0.5 
Tesla for magnetic hyperfine field (H). The doublet and sextet areas were measured with 
an accuracy better than ±3 %. 

 
 

2.3.8  X-ray Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy (XPS) is a spectroscopic technique used to 

investigate the surfaces of materials. The sample is irradiated with a source of 
monochromatic X-rays; photons enter in the material and undergo various interactions, 
including photoelectric effect and Auger emission. In both cases, an electron is ejected 
from the material and by measuring its kinetic energy is possible to determine its binding 
energy, indicative of the chemical element concerned, according to the formula: 

 

EB = hν - K - φ 
 

where EB is the binding energy, hν the energy of the incident photons, K the kinetic 
energy of the electron and φ the spectrometer work function. In the case of a solid 
sample, this technique allows to analyse only the first atomic layers (a depth of few nm), 
since only the electrons excited close to the surface are able to get out from the sample 
without undergoing interactions (with consequent energy losses) and thus maintaining 
the transported information.  
XPS analysis were performed on our samples for the study of the surface chemistry with 
specific attention to the surface iron content and its oxidation state. Data were collected 
at ENEA, Unità Tecnica Tecnologie dei Materiali, Laboratorio Tecnologia delle Superfici, 
research center of Casaccia, Rome (Italy). Measurements were performed under the 
supervision of dott. Theodoros Dikonimos Makris. 

 

 [2.3.8] 
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2.4  Non-conventional Methods: Synchrotron radiation 
During the doctoral work, several experiments have been performed using non-

conventional techniques. X-Ray Absorption Spectroscopy (XAS) experiments addressed to 
the study of the chemical environment of iron in our sample were conducted at the 
European Synchrotron Radiation Facility (ESRF, Grenoble, France) and at the Diamond 
Light Source (DLS, Oxford, United Kingdom). X-Ray Powder Diffraction experiments for 
the structural and mineralogical characterization were performed at ESRF, Swiss Light 
Source (SLS, Villigen, Switzerland) and Elettra (Trieste, Italy). Details about these 
experiments will be provided in 2.4.4 subsection, whereas in the following pages an 
introduction to the synchrotron radiation will be given. Parts of this chapter are taken  
from Mobilio et al. 2014; Newville 2014; Rossi 2014 and from www.iop.org. 

 
 
2.4.1 Introduction and theory 

Synchrotron radiation is produced when a charged particle of mass m (normally an 
electron or a positron) accelerated to relativistic velocity is being deflected in a magnetic 
field (Mottana 2014). In fact, when the speed of the charged particle increases to 
relativistic values (v ≈ c) the emitted radiation pattern is compressed into a narrow cone 
in the direction of motion, resulting into an emission tangential to the particle orbit. The 
vertical half-opening angle, ψ, is given by: 

 

ψ ≈ mc2/E ≈ γ−1 
 

For electrons and positrons, in practical units, γ is equal to 1957E(GeV), so synchrotron 
radiation is highly collimated. The deflection of the charged particle by a bending device 
generates an electromagnetic radiation (first observed at General Electric Research 
Laboratory in Schenectady, N.Y. (U.S.A.) on April 24, 1947; Elder et al. 1947) which is 
strongly polarized in the plane of the orbit of the electrons (for example horizontally if the 
acceleration facility leads its particles into a  storage ring). This radiation possesses a large 
and continuous range of energies (it is white) and is very intense (several orders of 
magnitude greater than conventional X-ray tubes) so scientist can pick whatever 
wavelength they need for their experiments, as infrared light, ultraviolet or X-rays (soft or 
hard).  
 

 
Fig. 2.4.1. Scheme of a synchrotron. Legend: 1) Linac; 2) Booster; 3) Storage ring; 4) Beamline; 5) Front end; 

6) Optics hutch; 7) Experimental hutch; 8) Control cabin; 9) RF cavities. (From www.diamond.ac.uk). 

    [2.4.1] 
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Therefore, a synchrotron (Fig. 2.4.1) is a facility where charged particle are accelerated to 
extremely high energy (with magnets and radio frequency) and forced to change direction 
periodically (with bending device). 
The original synchrotron facilities were used for high energy physics and the radiation was 
considered merely as a side product. The experiments which made use of the radiation 
were performed in a parasitic fashion.  
However the interesting results which emerged led to the development of dedicated 
synchrotron radiation sources in the early ‘70s and the Synchrotron Radiation Source 
(SRS) of Daresbury can be considered the first dedicated storage ring for synchrotron 
radiation. The original emphasis was on the optimization of the life-time, the current and 
the energy of the beam. In the early ‘80s the emphasis switched to an optimization of the 
brilliance and also to the development of insertion devices to increase the intensity of 
high energy photons, as visible in Fig. 2.4.2. 
The electrons are produced in an electronic gun (Linac) a device similar to the cathode ray 
tubes found in older televisions, by thermionic emission from an heated tungsten matrix 
cathode. The Linac accelerates the electron beam to an energy in the order of hundreds 
of MeV, over a distance of about 10 m; this involves a series of radiofrequency (RF)  
cavities operating at high frequency. Due to the nature of the acceleration, the beam 
must be separated into discrete packets, or “bunches”, with a spacing consistent with the 
acceleration frequency of the Linac; this electron beam is then injected into the booster. 
The booster synchrotron represent a pre-accelerator where electrons are accelerated 
before being injected into the storage ring (at ESRF the energy reached is of 6 GeV). This 
device works only when the storage ring is refilled (for example, 2 times a day at ESRF) or 
continuously in the case of continuously refilled synchrotron, such as SLS. 
 
 

 
Fig. 2.4.2. Historical development of the brilliance of the available X-ray sources. 
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Then, accelerated electrons circulate for hours in the storage ring (a circumference tunnel 
maintained at very low pressure) at a velocity close to that of light, and as the electrons 
travel around the ring, they pass through different types of magnets. In general, they are 
subdivided into bending magnets (BM) and insertion devices (ID). The purpose of the 
bending magnets is to change the direction of the beam. They are placed at a number of 
locations on the ring to guide the beam along the reference path. 
Ideally, each bending magnet would produces a uniform, vertical magnetic field through 
the beam pipe. The spectral distribution of the BM synchrotron radiation flux is a 
continuous function, that extends from the X-ray to the infrared region (Fig. 2.4.3). 
 

 
 

Fig. 2.4.3. Universal curve function of the spectral distribution of BM synchrotron radiation drawn as a 
function of λc/λ (from Mobilio et al. 2014). 

 
 

This radiation is characterized by a critical wavelength, λc, determined by the magnetic 
field (B) in the magnets and the energy (E) of the electron stored: 

 

 

 
 

The critical wavelength, λc, represented by the discontinuous line in Fig. 2.4.3, divides the 
spectrum into two parts of equal radiated power: 50% of the total power is radiated at 
wavelengths shorter than λc and 50% at wavelengths longer than λc. 
Insertion devices are periodic magnetic structures installed in the straight sections of 
storage rings. Passing through such alternating magnetic field structures, electrons 
oscillate perpendicularly to the direction of their motion and therefore emit synchrotron 
radiation during each individual wiggle. The primary effects of the IDs are: (1) The shift of 
the critical energy to higher values due to the smaller bending radius with respect to the 
bending magnets; (2) the increase of the intensity of the radiation by a factor related to 
the number of wiggles induced by the many poles of the magnetic structure; (3) the 
relevant increase of the spectral brightness. 
 

  [2.4.2] 
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Insertion devices are of two kinds: wigglers and undulators. Inside both these devices the 
electron beam is periodically deflected but outside no deflection or displacement of the 
electron beam occurs (Fig. 2.4.4). A wiggler is a multipole magnet made up of a periodic 
series of magnets (N periods of length λu, the overall length being L =Nλu), whose 
magnetic field forces the electrons to wiggle around the straight path. 

 

 
Fig. 2.4.4. Artistic view of the radiation beam emission from a multipole wiggler magnetic structure (from 

Mobilio et al. 2014). 

 
The alternating magnetic field is normally applied in the vertical direction so the 
sinusoidal trajectory of the electron beam lies in the horizontal plane. Electrons follow in 
this way a curved trajectory with a smaller local radius of curvature with respect to the 
one of the dipole-bending magnet, because higher magnetic fields can be used in a 
wiggler with respect to a bending magnet. The use of higher magnetic fields increases the 
critical wavelength (see the relation 2.4.2) with respect to the values achievable with 
bending magnets and extends the spectral range of a storage ring towards higher 
energies.An undulator is very similar to a wiggler, but with the wiggling angle α smaller 
than, or close to, the photon natural emission angle γ−1 (formula 2.4.1). 
For this thesis, beamlines using a bending magnet source were used for XAS experiments 
whereas both undulator and bending magnet based beamlines were used for XRD 
experiments (further detail in paragraph 2.4.3). 
The applications of synchrotron light are virtually limitless, from condensed matter 
physics to structural biology, environmental science, cultural heritage and many others; 
for more detailed information about the synchrotron radiation are available in Mobilio et 
al. 2014.   
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2.4.2  X-ray absorption spectroscopy 
Absorption spectroscopy is a term referring to a number of experimental techniques 

used to acquire information on the electronic, structural and magnetic properties of the 
matter. They are based on the study of the variations of the linear absorption coefficient 
as a function of the energy of the incident photons (parts of this chapter are taken  from 
Rossi 2014). 

In the particular case in which X-rays are used as radiation we are talking about XAS 
acronym of X-ray absorption spectroscopy. Generally the linear attenuation coefficient 
depends both on the scattering phenomena (elastic or inelastic), and on the photoelectric 
absorption. In the range of energies used to perform XAS (1-40 KeV) the component due 
to the absorption clearly dominates on that caused by diffusion; therefore, the 
attenuation coefficient can be approximated as the coefficient of photoelectric 
absorption. On large energy ranges, absorption coefficient varies according to a law as 
the one reported in equation 2.4.3, where Z is the atomic number of the target atom, m 
its mass, d the density of the sample and E the energy of the photon: 

 
 
 
 
The typical trend of the coefficient is visible in Fig. 2.4.5 where it is shown 
the example of Pb. Observing the figure it is immediately possible to note the presence of 
some discontinuity in correspondence of particular energies. These are due to 
photoelectric absorption by the atomic electrons that possess only some discrete and 
quantized energy values. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.4.5. Graph of the absorption coefficient of Pb in function of the energy  of the photons of the beam. 

 
When the energy of the beam is sufficient to extract or induce in transition these 
electrons, a large number of photons is absorbed by the sample, dramatically decreasing 
the number of transmitted particles. This consequently causes the appearance, in the 
vicinity of that particular value of energy, of a discontinuity in the absorption spectrum.  
These apparently irregular structures were discovered already in 1913 by Louis de Broglie 
and by their energy distribution is possible to obtain that of the innermost electronic 
shells of the various elements of the periodic table.  
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The potentialities of XAS, however, does not stop here; in fact in 1920 Hugo Fricke 
became aware of the presence of sinusoidal oscillations of the absorption coefficient 
around the value assumed in the peak, namely of the presence of a fine structure, as 
shown in Fig. 2.4.6, where the trend of the absorption coefficient close to the K-edge of 
iron is showed.  
This discovery immediately triggered the curiosity of many physicists, but for several 
years the origin of what today is called fine structure of the X-ray absorption spectroscopy 
(XAFS) has been the subject of debate, until in 1971 Stern, Sayers and Lytle (Sayers et al. 
1971) evolved a quite simple theory linking the oscillations to the local structure of the 
sample. From that moment, a development of the theoretical models and experimental 
equipment to extract this information in a more precise and accurate way have started. 
 

 
Fig. 2.4.6. Trend of the absorption coefficient μ(E) for FeO in the vicinity of the iron K-edge, with the XANES 

and EXAFS regions identified (From Newville 2014).  

 

When a XAFS spectrum is analyzed, is possible to obtain different information depending 
on the considered range of energy; for this reason is convenient to divide the spectrum 
into three distinct regions (Fig. 2.4.6): 

 

 Pre-edge region: Limited energy range to a few eV before the absorption edge. It’s 
possible to detect the presence of weak discontinuities (pre-edge peaks) due to 
transition of core electrons to other bound states.  

 

 XANES (X-ray Absorption Near Edge Structure): Is intended as the part of the 
spectrum which extends from 0 to 50 eV above the absorption edge; the 
combined study of XANES and pre-edge provides information on geometric and 
electronic local configuration. In other words it is particularly useful to obtain 
information on the state of chemical bond between different atoms of the sample 
and is strongly affected by the oxidation state of the absorber atom. 
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 EXAFS (Extended X-ray Absorption Fine Structure): Defines the region of the 
spectrum between 100 and 1000 eV beyond the absorption edge. From EXAFS 
analysis is possible to determine the geometric structure of the sample in the 
immediate vicinity of the absorber atom (around 10 Å). 

 
 

2.4.2.1 XANES 
Since XANES is a much larger signal than EXAFS, spectra can be collected even in 

sample containing lower concentrations of the target element and in less than perfect 
sample conditions. The interpretation of XANES is complicated by the fact that there is 
not a simple analytic or physical description of XANES. However, there is much chemical 
information from the XANES region, notably formal valence (very difficult to 
experimentally determine in a non-destructive way) and coordination environment.  
Clearly, the edge position and shape is sensitive to formal valence state, ligand type, and 
coordination environment, then XANES can be used as a fingerprint to identify phases. An 
important and common application of XANES is to use the shift of the edge position to 
determine the valence state, as exemplified in Fig. 2.4.7. 
 
 

 
 
Fig. 2.4.7. Normalized XANES spectra of reference compounds FeSO4 (Fe

2+
), FeCl3 (Fe

3+
) and a glass sample, 

showing an evident shift of the absorption edge (From Ceglia et al. 2014).  

 
For example, with good model spectra, Fe3+/Fe2+ ratios can be determined with very good 
precision and reliability and similar ratios can be made for many other ions. The heights 
and positions of pre-edge peaks can also be reliably used to empirically determine 
oxidation states and coordination chemistry.  
These approaches of assigning formal valence state based on edge features and as a 
fingerprinting technique make XANES somewhat easier to crudely interpret than EXAFS, 
even if a complete physical understanding of all spectral features is not available. For 
many systems, XANES analysis based on linear combinations of known spectra from 
“model compounds” is sufficient to tell ratios of valence states and/or phases. 
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2.4.2.2 EXAFS: The origin of the fine structure 
The easier and more intuitive interpretation to describe the origin of the fine structure 

was provided already in the ‘70s by Stern, Lytle and Sayers. They considered a system 
composed of an atom that works as absorber within a structure that can be ordered or 
not in the long range. To simplify the dynamics of the process it is assumed that the 
photon interacts with only one electron core with a position coincident with the center of 
the atom it belongs to. This assumption is reasonable, since the electrons of low energy 
levels tend to be found with high probability in a position very close to the atomic 
nucleus.  
Once excited, this electron can escape from the atomic cloud. The photoelectron once 
escaped can be spread from the atomic potential of neighboring atoms and come back to 
the starting atom. The excited state is therefore formed by a linear superposition of the 
wave outgoing and those retrodiffuse by neighboring atoms.  
The various waves possess in general a phase difference which can lead to interference 
phenomena that modify the probability of finding the electron in the center of the atom.  
These oscillations of probability are reflected on the absorption coefficient (μE), giving 
origin to the fine structure of the absorption spectroscopy. The oscillation frequency 
depends on several parameters of the sample as the interatomic distance or the energy 
of the photoelectrons which modifies the wavelength. In Fig. 2.4.8, this phenomenon is 
represented in a schematic way. 
 

 
Fig. 2.4.8. Diagram of the mechanism that originates the fine structure. 

 

The theoretical problem therefore lies in the search for appropriate atomic potentials to 
describe the system, but allowing at the same time the simulation of possible scattering 
paths completed by the photoelectron.  
Once calculated these parameters, it is possible to simulate the interference generated by 
the overlap of the wave functions of electrons that go towards the atom or coming out 
from it and especially the phase shift between the waves which generates interference.  
At the moment, there are several programs that can modulate EXAFS spectra with good 
accuracy, whereas XANES spectra remain quite problematic to predict, although 
significant progress has been made in recent years.  
The main difficulty is due to the fact that at high energies (typical of EXAFS) is possible to 
consider relevant only the effects of single scattering with the surrounding atoms, instead 
in the XANES this simplification is not possible and is necessary to take into account the 
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multiple scattering phenomena. The main difference between XANES and EXAFS is then 
linked to the energy of photoelectron which determines the interaction with the 
surrounding environment.  
In order to better analyze the fine structure, it is usual to subtract to the measured 
spectra those that would occur in the case where the outgoing photoelectron is not 
subject to any scattering phenomena (Fig. 2.4.9). 
 

 
Fig. 2.4.9. XAFS μ(E) for FeO with smooth background function μ0(E) and the edge-step Δμ0(E0)  

(From Newille 2014). 
 

The XAFS spectrum is thus defined as the following quantity:  
 

 
 
 
 
 
 
 

where μ(E) is the linear absorption coefficient; μ0(E) the background function and Δμ0 the 
edge-step. It is divided by the magnitude of the jump in the vicinity of the energy edge 
Δμ0, in order to make the spectrum independently from this quantity. Each absorption 
edge is closely linked both to the type of element in the sample and to the energy level 
that is energized. Different chemical elements, in fact, present different energies for the 
various energy levels, then the distribution in energy of the absorption peaks, already in 
itself, provides important information regarding the composition of the sample.  
The outgoing photoelectron behaves like a wave generated by a stone thrown in water, 
which can be reflected by some object in the vicinity causing the formation of an 
interference pattern. 
The figure obtained is more or less complicated depending on the configuration of the 
surrounding atoms. The oscillations due to the interference tend to modulate the value of 
the matrix element and the magnitude of the modulation depends upon the energy 
transferred by the photons, which generates photoelectrons more or less energetic and 
thus fitted with a variable wavelength.  
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The fact that the photoelectrons produced have an energy fairly high means that their 
lifetime is relatively short and therefore that are able to explore only the configuration of 
the sample in the immediate vicinity of the absorber. This necessarily implies that the 
study of the fine structure can reveal only local configurational order information and in 
no case a possible long-range order. The general equation of EXAFS is the following (Vlaic 
and Olivi, 2004): 
 

 
 

Where k is the wave vector modulus for the photoelectron; f(k) is a scattering amplitude 
function of the atoms neighbouring the excited atom; N is the number of neighbouring 
atoms and R is the distance to the neighbouring atom. The exponential term e-2R/λ(k takes 
account of finite elastic mean free paths of photoelectrons λ(k); S0

2 is an average 
amplitude reduction factor and its value is the percent weight of the main excitation 
channel with respect to all possible excitation channels. 2δc and Φ are phase functions 
that takes account of the varying potential field along which the photoelectron moves 
(the former given by the absorber, the latter given the scatterer). The quantity σ2

 

represents the mean square fluctuation of the interatomic distances and increases with 
increasing temperature or with the degree of configurational disorder of the system; in 
analogy with the diffraction techniques, it is called the Debye Waller factor. Therefore the 

exponential term e-2σ2k2
 produces a damping of the oscillations of the fine structure as a 

function of temperature, but also depending on the square of k, so with increasing energy 
of the photoelectron this term strongly reduces the oscillations; thus, it is of particular 
importance when analysis are accomplished in the EXAFS region farther from the edge. 
To have a good fit between the measured data and the calculated EXAFS function is 
necessary to take account of multiple scattering, that is when the photoelectron is not 
backscattered only once by a single potential. In fact it may happen that it is diffused by 
different atomic potential or that interacts more than one time with the same potential. 
For this reason, the absorption coefficient is expressed by the following series: 
 

µ(k) = µ0[1 + χ2(k) + χ3(k) + χ4(k) + …] 

 
where the subscript of the χ function indicates the number of atom-atom paths made by 
the photoelectron to return to the starting point. For EXAFS this series is strongly 
convergent and often is sufficient to assume single scattering (i.e. to stop the calculation 
at second step) to obtain a good fit with the experimental data. 
Considering the model represented by the formula [2.4.4] Sayers et al. (1971) realized 
that making the Fourier transform with respect to k of the χ(k) corresponds to a radial 
distribution function with peaks at the interatomic distances with the first neighboring 
atoms, confirming that the study of the fine structure is a powerful method of 
investigation to derive the local structure of samples. 
A full discussion about EXAFS can be found in Rossi (2014). 
 

   

[2.4.5] 

   

[2.4.6] 



Materials and methods 

 

38 
 

2.4.3 Experimental section 
As already mentioned, several experiments at synchrotron radiation facilities have 

been performed during the doctoral work. In this section, a brief description for each of 
them is given, together with the techniques used for the preparation of the samples and 
the adopted experimental conditions. 
 

 

2.4.3.1 XRPD experiments at MS-X04SA - SLS 
During this experiment (scheduled for the study of in situ setting reaction kinetics of 

magnesium-potassium phosphate cement, resulted in the published paper of Viani et al. 
2016) high resolution XRPD patterns were collected for crocidolite, amosite and erionite 
samples. Data were collected at the MS-X04SA beamline at SLS (Villigen, Switzerland) 
under the beam time allocated for the experiment 20130049 (July 2013). 
The beamline is powered by a short-period (14 mm) in-vacuum, cryogenically cooled, 
permanent-magnet undulator, (CPMU, U14). Powdered samples were inserted in quartz 
capillary tubes with a diameter of 0.3 mm and data were collected on rotating capillary 
tubes, employing a wavelength of 0.775 Å. The used diffractometer works in Debye-
Scherrer geometry and is equipped with a unique solid-state silicon microstrip detector, 
called MYTHEN (Microstrip sYstem for Time-rEsolved experimeNts), an outstanding in-
house PSI detector group development (Bernd Schmitt, group leader and Anna 
Bergamaschi, MYTHEN II development). A detailed description of the beamline from the 
undulator source to the end stations is available in Willmott et al. (2013). 
 
 

2.4.3.2 XAS experiments at BM08 – ESRF 
The objective of this experiment was the systematic structural investigation of iron in 

all the samples reported in table 2.1, through the combined use of both XANES and EXAFS 
analysis. Data were collected at the BM08 GILDA-CRG beamline at ESRF (Grenoble, 
France) under the beam time allocated for the experiment 08-01-954 (March 2014, 
resulted in the published paper Pollastri et al. 2015, paper 2, pag. 169). 
Powdered samples were mixed with cellulose powder (except for chrysotile samples, for 
which boron nitride was used to increase homogenization of the mixture), pressed into 
pellets and sealed within two kapton foils (Fig. 2.4.10).  
 

 
 

Fig. 2.4.10. Pellet of erionite sample sealed between kapton foils. 
 

All the spectra were collected at room temperature and in transmission mode using two 
ion chambers filled with N2 and Ar gases (500 mbar of N2 for I0 and 100 mbar of Ar for I1 
to have 10% and 80% of absorption at 7 kev, respectively), with the exception  of  erionite 
and tremolite, for which fluorescence collection was used because of the low Fe content. 

mailto:bernd.schmitt@psi.ch
mailto:anna.bergamaschi@psi.ch
mailto:anna.bergamaschi@psi.ch
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A monochromator equipped with Si (311) crystals was used and operated in flat crystals 
mode; harmonics were rejected using two Pd-coated mirrors working at an incidence 
angle of 3.6 mrad.  
For all the experiments, energy calibration was achieved using iron foil as reference with 
the position of the first inflection point taken at 7112.0 eV. A reference spectrum of Fe 
metal foil  placed in a second experimental chamber after the sample was collected 
simultaneously with each sample scan in order to monitor and correct energy drifts due 
to possible monochromator instabilities. 
The following reference compounds were used: almandine (Fe2+ [VIII]), hercynite (Fe2+ 
[IV]), siderite (Fe2+ [VI]), olivine (Fe2+ [VI]), biotite (Fe2+ [VI]), hematite (Fe3+[VI]), goethite 
(Fe3+[VI]), magnetite (Fe2+ [VI]) and Fe3+ [IV–VI]), iron phosphate (Fe3+ [IV]) (2 samples) 
and silicalite (Fe3+ [IV]). All spectra were collected with a variable step energy as a 
function of energy: finer step (0.2 eV), in the edge region and increasingly larger step (up 
to 4 eV) in the EXAFS region up to 8100 eV (16  A-1).  
 
Data analysis 

The XANES spectra of samples and reference compounds were normalized with 
respect to the high-energy side of the curve using Athena (a software within the IFEFFIT 
package; Ravel and Newville, 2005). The contribution of the edge jump to the pre-edge 
was accounted for by subtracting the background (both manually and using a spline 
function) with the program Origin 8.0. The analysis of the pre-edge region was then 
performed by least-square fitting of pseudo-Voigt functions to the pre-edge spectral 
envelope, using the program PeakFit 4.12. Pseudo-Voigt functions were modelled 
assuming the same width for each pre-edge feature.  
For all samples and reference compounds, the entire pre-edge analysis (from the 
background removal to the peak fit refinements) has been performed not less than three 
times, in order to evaluate the data reproducibility and get an estimation of the total pre-
edge area and of the standard deviation of the centroid position. The average pre-edge 
information was derived by calculating its centroid (intensity-weighted average of the 
position of each component). 
EXAFS spectra were analyzed using the IFEFFIT-1.2.9 package (Newville, 2001; Ravel and 
Newville, 2005). The edge position E0 was determined using the maximum of the first 
order derivative of the absorption spectrum (or main inflection point, MIP). A minimum of 
two scans were executed and averaged for each sample. Normalization after the edge 
was performed using a cubic spline function for subtraction of background and low-
frequency noise from the EXAFS oscillations. The k1χ(k) EXAFS signals were Fourier 
transformed with an Hanning window in the range 2.00 – 11.50 Å-1; fits were performed 
in the R-space in the range 0.90 – 2.15 Å.  
 
 
2.4.3.3 XRPD experiments at MCX beamline - ELETTRA 

The objective of this experiment was the collection of high-intensity high resolution 
XRPD patterns of cryo-milled chrysotile (following the procedures reported in the 2.2.2 
section) and erionite fibers, to be used for the determination of their crystal-structure. 
Data were collected at the MCX beamline at ELETTRA (Trieste, Italy) under the beam time 
allocated for the experiment 20150053 (July 2015). 
Powdered samples were inserted in quartz capillary tubes with a diameter of 0.5 mm. 
Data were collected with an analyzer crystal detector in Debye-Sherrer mode.  
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It was chosen to collect spectra with either resonant radiation at the absorption K-edge of 
Fe (≈7 keV, λ 1.7428 Å) and with wavelength off of the absorption edge (≈10 keV,                
λ 1.2408 Å) in order to investigate the crystal chemistry of iron within the fibres.  
In fact, when is selected an energy of the beam in the vicinity of an absorption edge of 
one of the constituent chemical elements of the sample, anomalous dispersion 
phenomena occurs (the refraction index increases with increasing wavelength) causing 
Anomalous X-ray Scattering (AXRS) which vary the scattering factor of the element. Thus 
a particular element can be 'high-lighted' and through structural refinements is possible 
to better define whether the element is internal or external to the crystal lattice, and in 
which crystallographic site is located. 
 
 
2.4.3.4 In situ μXANES, μXRD and XRF iron mapping at I18 - DLS 

The objective of this experiment was to explore in vitro and in situ (through 
synchrotron XRF, μ-XRD and μ-XAS) the structural changes undergone by the fibres after 
being in contact with cell cultures. Data were collected at the I18 beamline (Mosselmans 
et al., 2009) at DLS (Oxford, United Kingdom) under the beam time allocated for the 
experiment SP9574 (June 2014). The experiment has been conducted on the three more 
representative samples of crocidolite UICC, chrysotile UICC and erionite treated with 
cultured diploid human non-tumorigenic bronchial epithelial (Beas2B) and pleural 
transformed mesothelial (MeT5A) cells (details about in vitro toxicity tests are given in 
2.2.4 subsection). The collected data resulted in the paper Pollastri et al. 2016 
(submitted). 
The beamline uses a cryogenically cooled Si(111) monochromator and the final beam 
focusing is performed with KB mirrors. All measurements were conducted at room 
temperature; beam size on the samples was 2x2 µm.  
Each sample was positioned in a vertical plane at 80° to the incident beam, to reduce the 
effect of self-absorption on XANES spectra, with the fluorescence detector positioned 
horizontally at 90° to the X-ray beam. First, samples were observed in optical microscopy 
in order to identify suitable areas for µXRF mapping (based on the asbestos-like 
morphologies observed) as shown in Fig. 2.4.11; as a result, the scan dimensions of the 
examined areas differed from sample to sample.  
A four-element Vortex ME4 Si drift detector with Xmap processing electronics from SII-
Nanotechnology was used; the XRF maps were collected at 8 keV incident X-ray energy in 
rastering mode, with a variable collection time depending on the iron content and 
dimensions of the scanned area (between 0.06 and 0.29 s per pixel). Almost all maps had 
a pixel size of 2 µm in both directions. About twenty XRF maps were collected in total.  
The study was focussed on Fe because, even if the distribution of other elements with 
excitation energy below 8 keV (Mn, Cr, V, Ti, Sc, Ca, K, Cl, S, P) was also recorded, the 
major elements of potential interest for the study (Si, Na, Al and Mg) could not be 
detected with the experimental operative range of the beamline (5-15 keV). On the basis 
of the obtained distributions of iron from the XRF maps, Fe K-edge μ-XANES and μ-XRD 
spectra from individual fibres and aggregates have been collected. XANES spectra were 
collected in fluorescence mode using the same detector used for XRF mapping.  
At some points with high Fe concentrations, an aluminium foil (placed on the 
detector)was used as attenuator in order to avoid non-linear detector response. Energy 
calibration was achieved collecting iron foil as a reference in transmission mode prior to 
each series of collections, using an ion chamber positioned behind the samples. 

https://en.wikipedia.org/wiki/Anomalous_dispersion
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Fig. 2.4.11. (a) Visible light image of chrysotile after 96h ct in MeT5A; (b) The corresponding Fe XRF map 
showing the distribution of iron. The bar below XRF map represents the scale of iron intensities.  Arrows 
indicate the points at which the XRD and/or XANES spectra were collected. 

 

There was no detectable shift in the edge position of the reference foil during the 
measurements. µXRD data were collected using a Photonic Science SCMOS GEV camera 
with 4150 x 2083 pixels in transmission mode at an energy of 8 kev; calibration was 
performed by measuring a LaB6 standard at the sample position.  
A collection time of 15 - 20 s was used for each measurement. The XRD data was saved in 
NEXUS file format. 

 
Data analysis 

Iron XRF maps were exported from the program Dawn (Version 1.7, Basham et al., 
2015) as tiff images using the Processing tool available in the program; for each map, a 
variable scale of intensity of iron concentration was selected to obtain the best image 
contrast. The differences in the intensity scales of iron are due to both the different time 
per step used and the different iron content of the investigated mineral fibres.  
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The collected Fe K-edge μ-XANES spectra were analysed following the same approach 
reported in the 2.4.4.1 section. Results obtained for each spectrum were averaged to 
obtain the pre-edge parameters representative of the relative sample. Iron foil was used 
for energy calibrations, with the position of the first inflection point taken at 7112.0 eV.  
XRPD data were recorded in the form of 2D nxs-hdf files (Mosselmans et al., 2009). The 
detector–sample distance and beam centre were determined on a collected spectrum of 
LaB6 standard, using the Powder Calibration tool in the program Dawn; spectra were 
calibrated and azimuthally integrated using the Processing tool available in the same 
program. Spectra from Dawn were exported as ascii 1D files so as to be opened with the 
program X‘Pert Highscore Plus (PANalytical, version 2.0) used for the determination and 
removal of the background and, when necessary, for merging of multiple spectra. Spectra 
saved as raw files have been used for structural analysis using the Rietveld method 
(Rietveld, 1969) in order to evaluate possible structure changes due to the contact with 
cell cultures.  
Given the poor quality of the raw data, only partial structure refinements, aimed at 
assessing ion exchange, were accomplished for crocidolite and erionite by refining the 
site population of inter-chain positions for crocidolite and population of the extra-
framework K and Na atoms for erionite, respectively. Refinements were accomplished 
with the GSAS (Larson and Von Dreele, 1994) package and its graphical interface EXPGUI 
(Toby, 2001). For all collected spectra, peak profiles were modelled in order to study the 
peaks evolution through time in a semi-quantitative way; in particular, the theta 
independent Gaussian (Gw) term has been fixed whereas the Lorentzian Lx coefficient 

(1/cosθ, crystal size broadening, empirically correlated to the crystallite size) of the 
pseudo-Voigt function (Young and Wiles, 1982) was refined. 
 
 
2.4.3.3 XRPD experiments at ID13 - ESRF 

The objective of this experiment was the collection of XRPD patterns of fibers 
extracted from histological tissues of rats, in order to investigate their structural 
modifications. Data were collected at the ID13 beamline at ESRF (Grenoble, France) under 
the beam time allocated for the experiment LS/2296 (June 2015). 
Fibers are within histological organs of rats, embedded in paraffin. These organs come 
from in vivo experiments conducted during a past long term project for the determination 
of the carcinogenicity of mineral fibres by the Ramazzini Cancer Research Institute 
(Bentivoglio, Bologna, Italy). For the in vivo tests on male and female Sprague–Dawley 
rats, single 25 mg injection of UICC chrysotile, UICC crocidolite and erionite in 1 ml of H2O 
was delivered (Maltoni and Minardi, 1989). The detailed description of the experiments 
and of the experimental part are reported in Bursi et al. 2015 (paper 3, pag. 180). 
For the synchrotron investigations, the entire organs were heated at 60-70 °C for 1 h, in 
order to dissolve and allow drainage of melting paraffin; then, organs have been 
immersed in xylene and placed in a sonic bath for 10 min. The obtained deparaffinized 
organs were digested using a modification of the sodium hypochlorite digestion 
technique described in Roggli and Brody (1984), according to the following steps: 
 

 Step 1: About 0.5 g of the selected sample was weighed on an analytical balance 
and minced with the scalpel blade. 
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 Step 2: The specimen was transferred in a 100 ml polypropylene screw-top 
container completely filled with 14 % sodium hypochlorite solution. 
 

 Step 3: The polypropylene container was placed on a laboratory roller mixer and 
the digestion process proceeds all over the night. 
 

 Step 4: Digested suspension were filtered on two 25 mm diameter polycarbonate 
filters with 0,4 μm pore size (using a vacuum filtering apparatus) and a final wash 
was performed with absolute ethanol.  

 
The material was scraped off by the filters, stuck on a kapton sheet and then sealed using 
another kapton sheet. Finally, the Kapton sheets were fixed with two small pieces of glass 
(Fig. 2.4.12) in order to give more stability and rigidity to the sample. 
 

 
 

Fig. 2.4.12. Standard powder of Si NIST embedded between glass supported kapton sheets. 

 
Data were collected with the DECTRIS EIGER 4M single photon counting 2D detector, that 
provides frames with 2070x2167 pixels (with a 75x75 μm2 pixel size), employing a 2x3 μm 
beam size, with a wavelength of 0.9393 Å.  
Since the signal obtained from a single frame was very weak, and in order to obtain a 
representative powder-like pattern for each sample, the totality of the frames collected 
at different locations of each sample were merged.  
For each sample, two merged XRD patterns were produced: One making the total average 
of all the diffraction circles present in all collected frames (called “averaged”); the other, 
making the average of only the more intense diffraction circles present in every single 
frame (called “max-project”). The result is that the averaged demonstrate a very high 
resolution, but obviously they are suffering from the presence of diffraction bands due to 
the Kapton foils (and any other polluting phase present in the sample) whereas the max-
project are more cleaned but possess a lower resolution. 
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3  RESULTS 
 

3.1 Conventional methods 

In this section, all the results obtained through conventional methods will be reported. 
 

3.1.1  X-ray Powder Diffraction (XRPD) 

As already stated in the 2.3.1 subsection, XRPD analyses were conducted for the 
qualitative determination of impurities eventually present, and for the preliminary 
refinements of the crystalline structure prior to synchrotron experiments. In Fig. 3.1.1 is 
reported an example of qualitative phase analysis on the erionite sample. 

 
Fig. 3.1.1. Example of qualitative phase analysis. Red continuous line represent the XRPD pattern of 
erionite; vertical bars mark Bragg reflection positions corresponding to erionite (black) and clinoptilolite 
(green). 
 
In table 3.1.1, the impurities detected through qualitative phase analysis are reported. 
 
Table 3.1.1 
Mineral impurities detected in the investigated mineral fibres. 

Sample   Impurities 

Amosite  calcite, hematite, quartz 

Fibrous anthophyllite     biotite, clinochlore/vermiculite, talc 

Crocidolite  hematite, magnetite, quartz, talc1, lizardite1 

Fibrous tremolite     antigorite, clinochlore, hematite, talc 

Chrysotile UICC   brucite, calcite, clinochlore, dolomite, magnetite, microcline, 
pyroaurite, talc 

Chrysotile Balangero    antigorite, balangeroite, calcite, clinochlore, diopside, 
dolomite, magnetite, microcline, plagioclase, talc 

Chrysotile Val Malenco   calcite, forsterite, magnetite, quartz, lizardite/antigorite, 
clinochlore 

Fibrous erionite   clinoptilolite 

1
Close to the detection limit. 
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Furthermore, as reported in 2.3.1 paragraph, structural refinements were carried out 
using XRPD data of anthophyllite (Fig. 3.1.2) and syngle crystal XRD data of tremolite. 
Results are reported in the following tables. 
 

 
Fig. 3.1.2. Rietveld refinement of anthophyllite sample. Observed (crosses), calculated (continuous line), 
and difference (bottom line) curves are reported. Vertical bars marking Bragg reflection positions are also 
reported, and corresponding to talc (green) and anthophyllite (black). 

 
 
Table 3.1.2 
Unit cell parameters and agreement factors of the refinement for anthophyllite and tremolite. 
 

 Anthophyllite  Tremolite  

a (Å) 18.5770(8) Rwp 5.93 %   9.8475(3) Rint 8.27 % 

b (Å) 18.0353(22)   Rp  4.18 %  18.0628(5) Rσ 10.87 % 

c (Å) 5.27285(9)     χ2 8.53 5.2800(1) R1 14.69 % 

β (°) 90  104.717(2) wR2 13.38 % 

sp. gr. Pnma  C2/m χ2 1.059 
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Table 3.1.3 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for anthophyllite. 

site x y z occupancy Uiso 

M(1) 0.1333(13) 0.15014(83) 0.4081(61) Mg1.00 0.030(5) 
M(2) 0.1233(13) 0.0771(12) -0.1028(57) Mg1.00 0.047(6) 
M(3) 0.1282(20) ¼ -0.1453(74) Mg1.00 0.026(5) 
M(4) 0.12422(60) -0.01148(82) 0.4155(42) Fe0.62Mg0.38 0.004(7) 
T(1)A 0.23048(88) -0.16276(92) -0.4547(65) Si1.00 0.022(4) 
T(1)B 0.02164(91) -0.1657(11) 0.2911(58) Si1.00 0.030(8) 
T(2)A 0.22418(99) -0.0861(15) 0.0832(71) Si1.00 0.047(5) 
T(2)B 0.0198(10) -0.0892(14) -0.2461(62) Si1.00 0.015(5) 
O(1)A 0.18220(89) 0.1664(15) 0.0512(60) O1.00 0.006(6) 
O(1)B 0.06546(90) 0.1632(16) -0.2768(64) O1.00 0.005(9) 
O(2)A 0.1911(10) 0.0672(12) -0.4167(55) O1.00 0.028(4) 
O(2)B 0.0657(11) 0.0735(14) 0.2359(53) O1.00 0.024(4) 

OH(3)A 0.1817(20) ¼ -0.4855(76) O1.00 0.005(5) 
OH(3)B 0.1309(31) ¼ 0.2398(75) O1.00 0.037(7) 
O(4)A 0.1750(22) -0.0128(19) 0.0678(58) O1.00 0.042(6) 
O(4)B 0.0684(20) -0.0154(15) -0.2465(54) O1.00 0.006(8) 
O(5)A 0.1945(21) -0.1004(17) 0.3659(76) O1.00 0.007(4) 
O(5)B 0.0378(22) -0.1303(32) 0.0174(76) O1.00 0.014(5) 
O(6)A 0.2103(21) -0.1289(35) -0.1809(78) O1.00 0.023(5) 
O(6)B 0.0538(22) -0.1024(18) -0.5239(72) O1.00 0.032(5) 
O(7)A 0.2129(32) ¾ 0.521(20) O1.00 0.032(7) 
O(7)B 0.0450(28) ¾ 0.230(17) O1.00 0.021(9) 

 
 

Table 3.1.4 
Selected distances (in Å) for M and T sites in anthophyllite.  

M(1)    - O1A 2.110(11)  M(2) - O1A 2.108(11)  M(4) - O2A 2.083(11) 

 - O1B 2.099(11)   - O1B 2.100(11)   - O2B 2.105(11) 

 - O2A 2.059(11)   - O2A 2.086(11)   - O4A 2.062(12) 

 - O2B 2.079(11)   - O2B 2.084(11)   - O4B 2.063(12) 

 - OH3A 2.089(11)   - O4A 2.090(11)   - O5A 2.085(11) 

 - OH3B 2.008(11)   - O4B 2.100(11)   - O6B 2.122(11) 

 average    2.074   average     2.095   average     2.087 
           

M(3) - O1A x2 2.085(8)  T(1)A - O1A 1.624(6)  T(2)A - O2A 1.611(6) 

 - O1B x2 2.072(8)   - O5A 1.614(6)   - O4A 1.609(6) 

 - OH3A  2.050(12)   - O6A 1.612(6)   - O5A 1.610(6) 

 -OH3B 2.031(12)   - O7A 1.612(6)   - O6A 1.612(6) 

 average   2.066   average       1.615   average       1.610 

           

    T(1)B - O1B 1.620(6)  T(2)B - O2B 1.614(6) 

     - O5B 1.607(6)   - O4B 1.608(6) 

     - O6B 1.617(6)   - O5B 1.610(6) 

     - O7B 1.613(6)   - O6B 1.613(6) 

     average       1.614   average       1.611 
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Table 3.1.5 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for tremolite. 

site x y z occupancy Ueq 

M(1) 0 0.08769(10) ½ Mg0.48Fe0.02 0.00631(34) 
M(2) 0 0.17676(9) 0 Mg0.48Fe0.02 0.00539(34) 
M(3) 0 0 0 Mg0.24Fe0.01 0.00474(46) 
M(4) 0 0.27782(6) ½ Ca0.48Na0.02 0.00871(23) 
T(1) 0.28007(12) 0.08404(6) 0.29669(21) Si1.00 0.00511(21) 
T(2) 0.28829(12) 0.17104(6) 0.80434(21) Si1.00 0.00523(21) 
O(1) 0.11147(28) 0.08618(15) 0.21735(52) O1.00 0.00634(50) 
O(2) 0.11899(29) 0.17135(15) 0.72372(52) O1.00 0.00705(51) 
O(3) 0.11134(44) 0 0.71689(77) O0.5 0.00899(76) 
O(4) 0.36561(31) 0.24765(15) 0.79302(55) O1.00 0.00819(53) 
O(5) 0.34627(30) 0.13410(15) 0.09878(53) O1.00 0.00719(49) 
O(6) 0.34344(31) 0.11853(15) 0.58834(55) O1.00 0.00832(51) 
O(7) 0.33622(42) 0 0.29214(80) O0.5 0.00910(75) 

 
Table 3.1.6 
Selected distances (in Å) for M and T sites in tremolite.  

M(1)    - O1 x2 2.0652(27)  M(2) - O4 x2 2.0187(31)  M(3) - O1 x4 2.0749(27) 

 - O2 x2 2.0853(30)   - O2 x2 2.0926(27)   - O3 x2 2.0662(40) 

 - O3 x2 2.0940(30)   - O1 x2 2.1352(30)     

 average 2.0815   average 2.0822   average 2.063 
           

M(4) - O4 x2 2.3232(29)  T(1) - O1 1.6063(29)  T(2) - O4 1.5878(30) 

 - O2 x2 2.4008(29)   - O7 1.6179(17)   - O2 1.6125(30) 

 - O6 x2 2.5426(29)   - O6 1.6311(30)   - O5 1.6544(29) 

 - O5 x2 2.7715(29)   - O5 1.6372(29)   - O6 1.6764(29) 

 average 2.5095   average 1.6231   average 1.6328 

 
Important to note that the obtained structure of anthophyllite and tremolite are very 
similar to that reported in Walitzi et al. 1989 (anthophyllite from  Ochsenkogel, Gleinalpe, 
Austria) and in Pacella et al. 2008 (tremolite from Val d’Ala, exactly the same sample 
investigated in this work). Moreover, the cationic sites occupancies are in line with the 
chemical composition of samples from EMPA analysis (Table 3.1.7 in the following page). 
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3.1.2  Electron Micro Probe Analysis (EMPA) 
In Table 3.1.7, chemical composition obtained from EMPA analysis is reported. 

 

Table 3.1.7 
Chemical composition of samples from EMPA analysis. The Fe

3+ 
concentration was independently calculated 

using the stoichiometric criteria of the Droop method (Droop, 1987). Reported chemical compositions are 
mean values of several analysis carried out on various fibres. 

Oxides 
 

Amosite Anthop. Crocid. 
 

Trem. 
 

Chrys. 
UICC 

Chrys. 
Bal. 

Chrys. 
Mal. 

Erionite 
 

         

SiO2 49.8 (2) 57.3 (4) 51.7 (3) 57.8 (1) 42.5 (3) 40.6 (5) 42.5 (2) 59.5 (2) 
TiO2 0.04 (2) 0.02 (2) 0.03 (3) 0.02 (2) 0.01 (2) 0.01 (2) 0.06 (5) 0.13 (3) 
Al2O3 0.04 (2) 0.11 (5) 0.12 (4) 0.11 (7) 0.2 (1) 2.4 (6) 0.20 (8) 14.2 (2) 
Cr2O3 0.01 (1) 0.04 (3) 0.01 (1) 0.02 (2) 0.05 (4) 0.2 (3) 0.08 (8) 0.004 (7) 
MnO 0.42 (6) 0.4 (1) 0.04 (2) 0.15 (5) 0.05 (4) 0.06 (4) 0.06 (4) 0.01 (1) 
MgO 6.23 (9) 28.5 (2) 2.3 (4) 22.8 (2) 41.9 (2) 39.8 (6) 41.6 (2) 0.15 (2) 
CaO 0.09 (1) 0.27 (7) 0.22 (7) 12.9 (1) 0.01 (1) 0.02 (2) 0.09 (6) 0.30 (5) 
Na2O 0.03 (2) 0.02 (1) 6.7 (2) 0.23 (6) 0.013 (9) 0.012 (9) 0.02 (1) 5.9 (2) 
K2O 0.02 (1) 0.02 (1) 0.05 (4) 0.05 (2) 0.004 (5) 0.003 (7) 0.05 (9) 3.6 (1) 
NiO 0.02 (4) 0.04 (4) 0.01 (2) 0.08 (5) 0.06 (4) 0.05 (7) 0.2 (1) - 
Fe2O3 0.9 (4) 2.1 (9) 18 (1) 0.8 (4) 0.2 (2) 0.4 (3) 0.00 (2) 0.8 (3) 
FeO 40.2 (4) 8.0 (7) 18 (1) 1.9 (4) 1.4 (3) 2.5 (5) 1.4 (1) - 
Total 97.7 96.8 97.7 96.7 86.4 86.1 86.3 84.6 
         

 

By using the chemical compositions together with data from thermogravimetric (TG) 
analysis for the determination of the water content (details in Bloise et al. 2015) chemical 
formula of samples were calculated, and are presented in Table 3.1.8. 
 
Table 3.1.8 
Chemical formula of samples determined using electron microprobe and thermogravimetric data.  
Sample Crystallochemical formula 

Amosite (Ca0.02Na0.01)(Fe2+
5.36Mg1.48Fe3+

0.11Mn0.06)7.01(Si7.93Al0.01)7.94O21.94(OH)2.06 

Anthophyllite    Ca0.04(Mg5.81Fe2+
0.92Fe3+

0.21Mn0.04)6.98(Si7.83Al0.02)7.85 O21.63(OH)2.37 

Crocidolite (Na1.96Ca0.03K0.01)2(Fe2+
2.34Fe3+

2.05Mg0.52)4.91(Si7.84Al0.02)7.86O21.36(OH)2.64 

Tremolite   (Ca1.91Na0.06K0.01)1.98(Mg4.71Fe2+
0.22Fe3+

0.08Mn0.02)5.03(Si8.01Al0.02)8.03O22.14(OH)1.86 

Chrysotile  
UICC1 

(Mg5.93Fe2+
0.04Al0.02Fe3+

0.08)6.07Si4.03O10(OH)7.66 

Chrysotile  
Balangero1 

(Mg5.81Fe2+
0.15Al0.27Fe3+

0.09Cr0.01)6.33Si3.97O10(OH)7.11 

Chrysotile  
Val Malenco1 

(Mg5.85Fe2+
0.06Al0.02 Fe3+

0.05Ni0.01)5.99Si4.01O10(OH)7.86 

Erionite2 (Na5.35K2.19Ca0.15Mg0.11Ti0.05)7.85 (Si28.01Al7.90)35.91O72 ∙ 28.13H2O 
1
The Fe

2+
/Fe

3+
 ratio is referred to the accurate result obtained from XAS and 

57
Fe Mossbauer analysis. 

2
Iron 

not present in the formula as it seems to be outside the crystalline structure, following the results from XAS, 
57

Fe Mossbauer and TEM investigation (more details in the pertinent chapter and in Pollastri et al. 2015). 
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3.1.3 Fourier Transformed Infrared Spectroscopy (FTIR) 
In the following Figures, the collected FTIR  spectra for each sample are reported.  

 

 
 

 

 
Fig. 3.1.3. From the top: amosite, anthophyllite and crocidolite 
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Fig. 3.1.4. From the top: tremolite, chrysotile UICC and chrysotile Balangero 
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Fig. 3.1.5. From the top: chrysotile Val Malenco and erionite. 
 
In all the collected FTIR spectra, the characteristic absorption bands of asbestos minerals 
due to OH- and Si-O stretching vibration (Farmer, 1974; Stănescu-Dumitru, 2008) at about 
3600 and 1000-1100 cm-1, respectively, are clearly visible and are in agreement with 
literature data (Pacella et al. 2008; Stănescu-Dumitru, 2008). 
 
 
 
 
 
 
 
 
 
 
 
 

3646 

3693 
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3.1.4 Raman Spectroscopy 
Raman spectra were collected only on representative samples crocidolite, chrysotile 

UICC and erionite and are visible in Fig. 3.1.6. 
 

 

 
 

 

 
 

Fig. 3.1.6. Raman spectra collected on representative samples; from the top: Crocidolite, chrysotile UICC 
and erionite. The characteristic bands of asbestos minerals are clearly visible in all collected spectra and are 
in agreement with literature data (Bard et al., 1997; Croce et al., 2013). 
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3.1.5 Scanning Electron Microscopy (SEM) 
In this section a gallery of representative SEM images for each of the investigated (raw) 

samples is reported. 
 

 

 
 

Fig. 3.1.7. High-resolution SEM images of amosite (top) and anthophyllite (bottom). 
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Fig. 3.1.8. High-resolution SEM images of crocidolite (top) and tremolite (bottom). 
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Fig. 3.1.9. High-resolution SEM images of chrysotile UICC (top) and chrysotile Balangero (bottom). 
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Fig. 3.1.10. High-resolution SEM images of chrysotile Val Malenco (top) and erionite (bottom). 
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Following the gravitational separation experiments described in the pertinent paragraph, 
in this section, SEM images for each of the 2 size classes obtained are reported. 
 

 
 
 

 

 
 

Fig. 3.1.11. High-resolution SEM images of short fibres (top) and long fibres (bottom) samples of crocidolite. 
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Fig. 3.1.12. High-resolution SEM images of short fibres (top) and long fibres (bottom) samples of amosite. 
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Fig. 3.1.13. High-resolution SEM images of short fibres (top) and long fibres (bottom) samples of 

anthophyllite. 
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Fig. 3.1.14. High-resolution SEM images of short fibres (top) and long fibres (bottom) samples of tremolite. 
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Fig. 3.1.15. High-resolution SEM images of short fibres (top) and long fibres (bottom) of chrysotile UICC. 
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Fig. 3.1.16. High-resolution SEM images of short fibres (top) and long fibres (bottom) samples of chrysotile 

Balangero. 
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Fig. 3.1.17. High-resolution SEM images of short fibres (top) and long fibres (bottom) samples of chrysotile 

Val Malenco. 
 
 
 
 
 



Results 

 

64 
 

 
 
 

 
 

Fig. 3.1.18. High-resolution SEM images of short fibres (top) and long fibres (bottom) samples of erionite. 
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Through the collected SEM images, it was possible to perform the statistical analysis 
aimed at the determination of the average fibre size of each sample. The result of this 
analysis is reported in Table 3.1.9 and plotted in diagram of Fig. 3.1.19. 

 
Table 3.1.9 
Average length (in µm) of investigated fibres. 

Sample   Short fibres sample Long fibres sample 

Amosite  7 (2) 125 (9) 

Anthophyllite     17 (2) 95 (9) 

Crocidolite  6 (1) 30 (3) 

Tremolite     11 (1) 78 (1) 

Chrysotile UICC   5 (2) 99 (5) 

Chrysotile Balangero    6 (1) 65 (3) 

Chrysotile Val Malenco   10 (5) 160 (9) 

Erionite   9 (1) 16 (1) 
    

 
 

 
 
Fig. 3.1.19. Average length of fibres from the two size classes obtained with gravitational separations. 
Legend: dark columns, short fibres; gray columns, long fibres. 

 
 
 
 



Results 

 

66 
 

3.6  Surface area 
The surface area of samples from BET analysis is reported in Table 3.1.10. 
 

Table 3.1.10 
Surface area (m

2
/g) of investigated samples. 

Sample   Short fibres sample Long fibres sample 

Amosite  9.5 (3) 3.9 (1) 

Anthophyllite     14.4 (5) 4.4 (2) 

Crocidolite  16.1 (6) 11.5 (4) 

Tremolite     9.2 (3) 0.66 (2) 

Chrysotile UICC   42 (1) 29 (1) 

Chrysotile Balangero     43 (2) 24.8 (9) 

Chrysotile Val Malenco   68 (9)1 45 (2) 

Erionite   28 (1) 12.7 (5) 
    

1
Calculated from geometrical measurements. 
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pH (±0.2)  
  

amosite 
L

a
 

S
a
 

anthophyllite  
L 

S 

crocidolite 
L 

S 

tremolite 
L 

S 

chrysotile 
UICC 

L 

S 

chrysotile 
Balangero 

L 

S 
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Table 3.1.13 
ζ potentials of selected mineral fibres in suspension in double distilled water (d.d.) and in S.L.F. solutions 
(concentration 0.1 wt%) at 37 °C, with the addition of cations in the form of salts. The table also shows the 
conductivity of the suspension, which is directly proportional to the amount of ions present in solution; as 
can be seen, with increasing conductivity, in general, an increase in the value of ζ potential is observed. 
 

pH (±0.5)   3.0 4.5 5.0 7.0 7.5 9.5 

 
Liquid and salt  

used 
Conductivity 

(±5) 
 

     
         

crocidolite            d.d. 0 - -22 (5) -28 (5) -34 (5) - - 

 d.d. + NaCl 35 - -12a - -16 - - 

 d.d. + KCl 30 - -8 - -16 - -  

 d.d. + CaCl2*2H2O 35 - +1 - -2 - - 

 SLF 20 -14 -18 - -24 - - 

 SLF + CaCl2*2H2O 30 -4 -11 - -9 - - 

 SLF + CaCl2*2H2O 45 -2 -5 - -3 - - 

 SLF + CaCl2*2H2O 85 - - - +2 - - 

chrysotile 
UICC 

d.d. 0 - +49 (5) - +32 (3) - +30 (3) 

d.d. + NaCl 80 - +77 - +48 - +21 

 d.d. + KCl 25 - - - +38 - +38 

 d.d. + KCl 50 +62 +77 - +60 - - 

 d.d. + CaCl2*2H2O 16 - +47 - +45 - - 

 d.d. + CaCl2*2H2O 35 +81 +76 - +67 - - 

 SLF 15 +15 -16.5 - -28 - - 

 SLF + CaCl2*2H2O 32 +21 +18 - +14 - - 

 SLF + CaCl2*2H2O 55 +43 +33 - +48 - - 

erionite d.d.  0 -20 (6) - - -35 (7) -36 (8) - 

 d.d. + NaCl 10 - -27 - -30 - -38 (7) 

 d.d. + KCl 15 - -18 - -24 - - 

 SLF + CaCl2*2H2O 10 -9 - - - - - 

 SLF + CaCl2*2H2O 25 -6 +9 - +2 - +4 

 SLF 20 -22 -23 - -26 - - 

 SLF + CaCl2*2H2O 25 -14 -17 - -18 - - 

 SLF + CaCl2*2H2O 40 -9 -12 - -11 - - 

a
For many of these data the standard deviation is not reported because, above a certain threshold of 

conductivity, the instrument used is not capable of providing it. 
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Table 3.1.14 
ζ potentials of the investigated mineral fibres in contact with the Gamble’s solution (concentration 0.1 wt%) 
at 25 °C. 

pH (±0.2)  4.0 4.5 5.0 
     

anthophyllite 
Long - -15 (5) - 

Short - -20 (4) - 

crocidolite 
Long - - - 

Short - -26 (5) - 

chrysotile UICC 
Long -8 (4) - - 

Short - - - 

erionite 
Long - - - 

Short - -33 (5) -36 (9) 

 
 
For representative samples crocidolite, chrysotile UICC and erionite, ζ potential values in 
water at 25 and 37°C and in Gamble’s solution at 37°C were plotted in the following 
Figures. 
 
 

 
 

Fig. 3.1.20. Variations of the ζ potential values as a function of pH in different chemical–physical conditions 
on crocidolite. Legend: (●) 37 °C double distilled water; (▲) 25 °C double distilled water; (♦) 37 °C Gamble’s 
solution. 
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Fig. 3.1.21. Variations of the ζ potential values as a function of pH in different chemical–physical conditions 
on chrysotile UICC. Legend: (●) 37 °C double distilled water; (▲) 25 °C double distilled water; (♦) 37 °C 
Gamble’s solution. 

 
Fig. 3.1.22. Variations of the ζ potential values as a function of pH in different chemical–physical conditions 
on erionite. Legend: (●) 37 °C double distilled water; (▲) 25 °C double distilled water; (♦) 37 °C Gamble’s 
solution. 
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3.1.8  57Fe Mössbauer 
57Fe Mössbauer spectra were collected on representative sample amosite for checking 

the data reproducibility with respect to literature data, and on chrysotile Balangero, Val 
Malenco and erionite samples, since no literature data are available for these fibres.  
 

 
 

 
Fig. 3.1.23. 

57
Fe Mössbauer spectra of erionite (top) and amosite (bottom). Open circles= experimental 

spectrum; red thick line= calculated spectrum; green thin line = Fe
2+

 paramagnetic subspectra; blue thin 
line= Fe

3+
 paramagnetic subspectra. 
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Fig. 3.1.24. 
57

Fe Mössbauer spectra of chrysotile Blangero (top) and chrysotile Val Malenco (bottom). Open 
circles= experimental spectrum; red thick line= calculated spectrum; green thin line = Fe

2+
 paramagnetic 

subspectra; blue thin line= Fe
3+

 paramagnetic subspectra; orange thin line = Fe
2.5+

 magnetic subspectra; 
cyan thin line = Fe

3+
 magnetic subspectra. 

 

 

 



74 
 

  
 



Results 

 

75 
 

3.1.9  X-ray Photoelectron Spectroscopy (XPS) 
In the following Figures, the spectra for all samples are shown, with indication of the 

spectral lines of the elements detected in each sample. 
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Fig. 3.1.25. XPS spectra collected on samples. In the case of erionite, analysis have been performed both on 

massive and short fibres sample, in order to check for differences with respect to the fibre size. 

Crocidolite 

Chrysotile Val Malenco 

Erionite short 

Erionite massive 

Amosite 

Tremolite 

Anthophyllite 

Chrysotile Bal. 



Results 

 

76 
 

0 200 400 600 800 1000 1200 1400

C
1
s

M
g

2
p

M
g

2
s

S
i2

p

S
i2

s

MgKLL

O
1
s

O
K

L
L

M
g

2
p

Crisotilo Canadese corto

In
te

n
s
it
y
 (

a
.u

)

B.E(eV)

Crisotilo Canadese lungo

 
Fig. 3.1.26. XPS spectra collected on chrysotile UICC. Also in this case, analysis have been performed both 

on long and short fibres sample to check for differences. 

 
 

Table 3.1.16 
Atomic percentages of the elements calculated on the peaks: Fe2p; O1s; C1s; Mg1s; Na1s; Si2p; K2p; Al2p 
and Ca2s. 

Sample Fe O Mg Na Si K Al Ca 

amosite 8,3 80,7 2,7 - 8,3 - - - 

antofillite 1,7 71,5 20,0 - 6,9 - - - 

crocidolite 7,6 76,7 6,1 4,4 5,2 - - - 

tremolite 1,8 78,2 9,7 - 8,1 - - 2,2 

crisotilo UICC lungo - 64,5 29,8 - 5,8 - - - 

crisotilo UICC corto* - 72,7 20,1 - 7,2 - - - 

crisotilo Balangero 1,0 68,7 26,9 - 3,5 - - - 

crisotilo Val Malenco 1,2 69,7 25,8 - 3,3 - - - 

erionite corta 2,1 77,4 2,3 6,5 9,1 1,2 1,3 - 

erionite solida 2,4 74,4 2,3 6,6 9,6 2,5 2,3 - 
*The powder for this sample was not sufficient to cover the entire area of the adhesive support. 

 
Furthermore, in order to identify the percentages of different oxidation states of iron, the 
peak deconvolution of the spectrum Fe 2p3/2 has been made (following the same 
approach used in Fantauzzi et al. 2010). The peak fit has identified Fe2+, Fe3+ and FeOOH. 
There was also another peak, with low intensity, attributed to the shake-up of Fe2+ (Fig. 
3.1.27). This procedure has been applied only on crocidolite, amosite and erionite 
(massive) samples, since on the other samples the signal/noise ratio on the peak of Fe 
was so great to not allow the deconvolution. 
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Fig. 3.1.27. Fe 2p3/2 spectra curve fit for: Amosite (top); crocidolite (middle); erionite (bottom).  
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The results of the peak fitting has allowed the calculation of the percentages of Fe2+, Fe3+ 
and FeOOH with respect to the total Fe in the three samples (Table 3.1.17). 
 
Table 3.1.17 
Percentage ratios of Fe

2+
, Fe

3+
 and FeOOH compared to the total iron present in samples. 

 

Sample Fe2+/Fetot Fe3+/Fetot FeOOH/Fetot 

Amosite 33 26 41 

Crocidolite 24 17 59 

Erionite (massive) 16 15 69 

 

 

 



Results 

 

79 
 

3.2 Non-Conventional methods 
In this section, all the obtained results through non-conventional methods will be 

described. 
 
3.2.1  XRPD experiments at MS-Powder beamline – SLS 
The conducted experiment allowed to obtain high-resolution and high-intensity XRPD 
pattern, reported in Figs. 3.2.1 and 3.2.2. 
 
 

 
 
 

 
 

Fig. 3.2.1. XRPD pattern of amosite (top) and crocidolite (bottom). 
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Fig. 3.2.2. XRPD pattern of erionite. 
 

 

On this data, structural refinements have been performed (Fig. 3.2.3, 3.2.4), allowing to 
obtain unit cell parameters, thermal parameters, spatial group, and anion-cation 
distances, listed in the following Tables. 
 

 
 

Fig. 3.2.3 Rietveld refinement of amosite sample, made with Topas. Observed (crosses), calculated 
(continuous line), and difference (bottom line) curves are reported.  
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Fig. 3.2.4 Rietveld refinement of crocidolite (top, made with GSAS) and erionite (bottom, made with Topas). 
Observed (crosses), calculated (continuous line), and difference (bottom line) curves are reported. For the 
crocidolite sample, vertical bars marking Bragg reflection positions are also reported, and corresponding to 
crocidolite, quartz, calcite, hematite and lizardite (from top to bottom). 
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Table 3.2.1 
Unit cell parameters and agreement factors of the refinement for amosite, crocidolite and erionite. 

 Amosite  Crocidolite  Erionite  

a (Å) 9.553(1) Rwp  6.694 % 9.73238(7) Rwp  5.25 % 13.21981(4) Rwp  1.462 % 

b (Å) 18.346(1) Rp   4.133 % 18.0414(1) Rp  3.61 % - Rp 1.135 % 

c (Å) 5.336(1) χ2 3.147 5.32794(4) χ2 6.716 15.06271(6) χ2 1.88  

β (°) 101.820(2)  103.515(1)  -  

sp. gr. C2/m  C2/m  P63/mmc  

 
 
Table 3.2.2 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for amosite. 

site x y z occupancy Uiso 

M(1) 0 0.0873(2) ½ Fe0.8Mg0.2 0.0068(10) 
M(2) 0 0.1791(2) 0 Fe0.75Mg0.25 0.0068(11) 
M(3) 0 0 0 Fe0.8Mg0.2 0.0068(15) 
M(4) 0 0.2524(2) ½ Fe0.8Mg0.2 0.0068(10) 
T(1) 0.2806(5) 0.0819 (2) 0.2645(10) Si1.00 0.0085(11) 
T(2) 0.3066(6) 0.1677(2) 0.7748(12) Si1.00 0.0109(13) 
O(1) 0.1102(10) 0.0802(5) 0.2173(22) O1.00 0.0084(28) 
O(2) 0.1232(10) 0.1725(4) 0.6997(22) O1.00 0.0084(30) 
O(3) 0.1389(14) 0 0.7155(33) O1.00 0.0109(42) 
O(4) 0.4072(9) 0.2450(4) 0.7962(25) O1.00 0.0109(33) 
O(5) 0.3421(14) 0.1334(5) 0.0737(2) O1.00 0.0109(30) 
O(6) 0.3373(13) 0.1241(5) 0.5307(18) O1.00 0.0084(29) 
O(7) 0.3416(13) 0 0.2673(30) O1.00 0.0109(40) 

 
 
Table 3.2.3 
Selected distances (in Å) for M and T sites in amosite.  

M(1)    - O1 x2 2.013(12)  M(2) - O4 x2 1.873(9)  M(3) - O1 x4 2.030(10) 

 - O2 x2 2.109(9)   - O2 x2 2.177(12)   - O3 x2 2.211(18) 

 - O3 x2 2.242(10)   - O1 x2 2.290(11)     

 average 2.121   average 2.193   average 2.090 

           

M(4) - O4 x2 1.965(13)  T(1) - O5 1.587(13)  T(2) - O6 1.606(12) 

 - O2 x2 2.038(9)   - O1 1.596(11)   - O5 1.684(13) 

 - O6 x2 2.772(10)   - O7 1.623(9)   - O4 1.704(9) 

 average 2.258   - O6 1.611(11)   - O2 1.717(11) 

     average 1.604   average 1.677 
 

 
The obtained structure of amosite is similar to the only available structure of grunerite 
present in literature (Finger, 1969) and in perfect agreement with the chemical data from 
EPMA analysis (Table 3.1.7). 
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Table 3.2.4 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for crocidolite. 

site x y z occupancy Uiso
1 

Am -0.086(1) ½ -0.221(4) Na0.18 0.01967 

M(1) 0 0.0921(5) ½ Fe0.60Mg0.25 0.01109 
M(2) 0 0.18108(9) 0 Fe1.00 0.01109 
M(3) 0 0 0 Fe1.00 0.01109 
M(4) 0 0.2744(3) ½ Na0.83 0.01967 
T(1) 0.2814(2) 0.0866(1) 0.2922(4) Si1.00 0.02245 
T(2) 0.2849(3) 0.1719(1) 0.7966(5) Si1.00 0. 02245 
O(1) 0.1126(4) 0.0935(3) 0.2244(8) O1.00 0.01695 
O(2) 0.1144(4) 0.1670(2) 0.7237(8) O1.00 0.01695 
O(3) 0.1112(6) 0 0.681(1) O1.00 0.01695 
O(4) 0.3607(5) 0.2490(2) 0.7900(8) O1.00 0.01695 
O(5) 0.3464(5) 0.1322(2) 0.0770(7) O1.00 0.01695 
O(6) 0.3326(5) 0.1243(3) 0.5760(7) O1.00 0.01695 
O(7) 0.3191(6) 0 0.297(1) O1.00 0.01695 

1
Fixed to the values reported in Gualtieri et al. (2013). 

 
 
Table 3.2.5 
Selected distances (in Å) for M and T sites in crocidolite.  

M(1)    - O1 x2 2.026(4)  M(2) - O4 x2 1.992(4)  M(3) - O1 x4 2.205(4) 

 - O2 x2 1.976(4)   - O2 x2 2.058(4)   - O3 x2 2.217(7) 

 - O3 x2 2.093(4)   - O1 x2 2.125(4)     

 average 2.031   average 2.058   average 2.209 

           

M(4) - O4 x2 2.320(5)  T(1) - O5 1.6522(33)  T(2) - O6 1.6095(32) 

 - O2 x2 2.407(5)   - O1 1.6036(34)   - O5 1.638(4) 

 - O6 x2 2.544(5)   - O7 1.6033(22)   - O4 1.5780(34) 

 - O5 x2 2.930(5)   - O6 1.6269(33)   - O2 1.6164(35) 

 average 2.550   average 1.622   average 1.610 
 

 
 
The only available structure in literature is that of fluoro-riebeckite of Hawthorne (1978), 
that is quite similar to our structure, with the exception of  the coordinates of the Am 
site. Also in this case, cationic sites occupancies are in agreement with the chemical data 
from EPMA analysis (Table 3.1.7). 
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Table 3.2.6 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for erionite. 

site x y z occupancy Uiso 

T1 0.99364(7) 0.22974 (6) 0.10581(6) Si0.81Al0.19 0.01140(25) 
T2 0.08850(2) 0.41671(4) ¼ Si0.70Al0.30 0.01051(51) 
O1 0.03422(19) 0.35966(15) 0.14993(12) O1.00 0.0229(10) 
O2 0.10064(14) 2x 0.11973(26) O1.00 0.0274(17) 
O3 0.12601(14) 2x 0.64899(16) O1.00 0.0274(14) 
O4 0.26631(24) 0 0 O1.00 0.0272(11) 
O5 0.23310(23) 2x ¼ O1.00 0.0224(19) 
O6 0.08366(43)              ¼ O1.00 0.0229(19) 
K 0 0 ¼ O1.00 0.0379(11) 

Na1 ⅓ ⅔ 0.108(14) Na0.33(1) 0.0851(81) 
Na2 ⅓ ⅔ 0.888(14) Na0.32(1) 0.0906(77) 
Na4 ½ 0 0 Na0.26(1) 0.0957(75) 

NaW1 0.28267(76) 2x 0.0855(13) Na0.19(1) 0.1094(90) 
W2 0.24996(27) 2x 0.69974(46) O0.68(1) 0.1092(30) 

W2b 0.26885(67) 2x 0.5319(12) O0.30(1) 0.1101(79) 
W3 0.43326(46) 2x 0.83401(60) O0.51(1) 0.1106(55) 

W3b 0.44668(82) 2x 0.9317(10) O0.37(1) 0.1106(80) 
W3c 0.43370(47) 2x 0.01067(70) O0.57(1) 0.1093(42) 

 
 
Table 3.2.7 
Selected distances (in Å) for M and T sites in erionite (Non occurring distances are in italics). 

K1 - O2 x6 3.0266(35)  Na4 - W3c x2 1.527(11)  T1 - O3 1.6236(13) 

     - W3b x2 1.596(17)   - O2 1.6489(14) 

Na1 - W2b x6 2.572(25)   - W3 x2 2.930(9)   - O4 1.6554(12) 

     - O4 x2 3.089(3)   - O1 1.6607(21) 

Na2 - W2b x3 1.902(21)   - O1 x4 3.096(2)   average 1.6471 

 - W2 x3 2.327(14)         

 - W3 x3 2.431(13)  NaW1 - Na1 1.208(19)  T2 - O1 x2 1.6776(18) 

 - W3b x3 2.676(19)   - W2b 1.796(26)   - O5 1.6827(23) 

 - W3c x3 2.944(17)   - NaW1 x2 2.009(30)   - O6 1.6870(21) 

     - W3c x2 2.287(14)   average 1.6812 

     - O5 2.725(19)     

     - W2b x2 2.892(23)     

     - Na2 3.185(14)     

     - O1 x2 3.193(14)     
 

 

With respect to the literature data, the obtained structure of our erionite sample is 
similar to that of Ca-erionite reported in Gualtieri et al. (1998). 
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The obtained cell parameters of erionite have been also compared with those of other 
erionite samples (of different origin) from the literature; results are listed in Table 3.2.8 
and plotted in Fig. 3.2.5. 
 
Table 3.2.8 
Unit cell parameters of erionite samples from literature. 
 

a (Å) c (Å) Cell volume (Å3) Reference 

13.220 15.062 2280 This work 
    

13.310 15.070 2312 Passaglia et al. (1998) 
13.320 15.186 2333 Passaglia et al. (1998) 
13.333 15.091 2323 Passaglia et al. (1998) 
13.339 15.112 2328 Passaglia et al. (1998) 
13.289 15.079 2306 Passaglia et al. (1998) 
13.336 15.084 2323 Passaglia et al. (1998) 
13.338 15.126 2330 Passaglia et al. (1998) 
13.321 15.194 2334 Passaglia et al. (1998) 
13.330 15.174 2335 Passaglia et al. (1998) 
13.344 15.128 2332 Passaglia et al. (1998) 
13.331 15.220 2342 Passaglia et al. (1998) 
13.264 15.067 2295 Passaglia et al. (1998) 
13.304 15.078 2311 Passaglia et al. (1998) 
13.345 15.124 2332 Passaglia et al. (1998) 
13.316 15.095 2317 Passaglia et al. (1998) 
13.277 15.124 2308 Passaglia et al. (1998) 
13.340 15.110 2328 Passaglia et al. (1998) 
13.311 15.067 2311 Passaglia et al. (1998) 
13.227 15.075 2284 Passaglia et al. (1998) 
13.338 15.100 2326 Passaglia et al. (1998) 
13.290 15.132 2314 Passaglia et al. (1998) 
13.312 15.162 2326 Passaglia et al. (1998) 
13.233 15.055 2283 Passaglia et al. (1998) 

    
13.289 15.079 2306 Gualtieri et al. (1998) 
13.339 15.112 2329 Gualtieri et al. (1998) 
13.264 15.067 2296 Gualtieri et al. (1998) 
13.304 15.078 2311 Gualtieri et al. (1998) 

          
13.311 15.095 2316 Alberti et al. (1997) 
13.228 15.069 2284 Ballirano et al. (2009) 
13.150 15.020 2249 Kawahara and Curien (1969) 
13.252 14.810 2252 Schlenker et al. (1977) 
13.270 15.050 2295 Gard and Tait (1973) 

 
 
 



Results 

 

86 
 

 
 
Fig. 3.2.5 Unit cell parameters of erionite samples listed in table 3.2.8; green triangles refer to the last 5 
samples at the bottom of table 3.2.8. 
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3.2.2  XAS experiments at BM08 – ESRF 
The conducted experiment allowed to obtain high-resolution XAS spectra at the Fe K-

edge, reported in Fig. 3.2.6. 
 

 
Fig. 3.2.6. Fe K-edge XANES spectra of investigated samples. 

 
 
 
 
 
 
 
 
 
 



Results 

 

88 
 

Regarding the XANES analysis (following the procedure described in paragraph 2.4.4.1), 
the deconvolution of the pre-edge peaks has been carried out, and the results are shown 
in Fig. 3.2.7 and listed in Table 3.2.9. 

 
Fig. 3.2.7. Fit of the pre-edge peaks of investigated samples.  
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Table 3.2.9 
 XANES pre-edge parameters of investigated samples 

Sample 
Component 
position (eV) 

Component  
area  

Total 
area 

r2 Centroid 
position (eV) 

      

Anthophyllite  
 

7112,44 
7113,77 

0.026 
0.028 

0.054 (5) 
 

0.9997 
 

7113.13 (3) 
 

Amosite  
 
 

7112,57 
7113,92 
7115,50 

0,025 
0,018 
0,002 

0.045 (5) 
 
 

0.9997 
 
 

7113.17 (4) 
 
 

Tremolite 
 
 

7112,44 
7113,48 
7114,87 

0.008 
0.016 
0.008 

0.032 (8) 
 
 

0.9996 
 
 

7113.56 (9) 
 
 

Crocidolite  
 
 

7112,38 
7113,96 
7115,26 

0.011 
0.026 
0.017 

0.055 (7) 
 
 

0.9997 
 
 

7114,05 (5) 
 
 

Chrysotile Balangero 
 

7112,69 
7114,32 
7115,61 

0.016 
0.055 
0.004 

0.074 (7) 
 
 

0.9993 
 
 

7114,04 (9) 
 
 

Chrysotile Val Malenco 
 

7112,50 
7114,21 
7115,46 

0,009 
0,055 
0,008 

0.072 (5) 
 
 

0.9993 
 
 

7114,13 (5) 
 
 

Chrysotile UICC 
 

7112,75 
7114,17 
7115,52 

0,011 
0,081 
0,037 

0.129 (8) 
 
 

0.9998 
 
 

7114.42 (5) 
 
 

Erionite 
 
 

7112,35 
7114,31 
7115,51 

0,001 
0,051 
0,024 

0.076 (2) 
 
 

0.9994 
 
 

7114.65 (3) 
 
 

 
 

Regarding the EXAFS analysis (following the procedure described in paragraph 2.4.4.1), 
after data reduction, fit in the range 0.90 – 2.15 Å (first coordination shell of iron) have 
been performed, and the results are shown in Fig. 3.2.8 and 3.2.9 and listed in Table 
3.2.10. 
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Fig. 3.2.8. Results of the fit of the EXAFS spectra: (a) χ(k0) experimental data; (b) k1,2 Fourier transformed 
experimental (gray solid line) and fitted (black medium dash) data of amphiboles samples, both supplied 
with the real part. 
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Fig. 3.2.9. Results of the fit of the EXAFS spectra: (a) χ(k0) experimental data; (b) k1,2 Fourier transformed 
experimental (gray solid line) and fitted (black medium dash) data of chrysotiles and erionite samples, both 
supplied with the real part. 
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Table 3.2.10 
Crystallographic data and structural parameters as obtained from the R-space fit by using the theoretical 
references. 

Shells % Ref.a N  R(Å)  S0
2 R-factor σ2(Å2) ΔE0(eV) 

           

anthophyllite       0.73
b 

0.054 0.012 (5) 7 (3) 
Fe – O1   3  2.07   (3)      
Fe – O2   3  2.08   (3)      

amosite       0.73
b 

0.017 0.011 (2) 1 (3) 
Fe – O1   6  2.083 (4)      

tremolite       0.73
b 

0.004 0.007 (0) 2 (1) 
Fe – O1   6  2.093 (4)      

crocidolite        0.73
b 

0.004 0.011 (1) 2 (2) 
Fe – O1   6  2.059 (8)      

chry. Balangero       0.73
b 

0.013 0.011 (3) 3 (1) 
Site1 - Fe – O1 0.2

c 
 4  1.770 (5)      

Site2 - Fe – O1 0.8
c 

 6  2.054 (4)      
chry. Val Malenco       0.73

b 
0.034 0.003 (4) 3 (3) 

Site1 - Fe – O1 0.2
c 

 4  1.81   (3)      

Site2 - Fe – O1 0.8
c 

 6  2.033 (3)      

chry. UICC       0.73
b 

0.012 0.003 (3) 3 (2) 
Site1 - Fe – O1 0.3

c 
 4  1.86   (2)      

Site2 - Fe – O1 0.7
c 

 6  2.028 (6)      
erionite       0.74 (9) 0.005 0.006 (3) 5 (1) 

Fe – O1   6  2.011 (8)      
a
References are not reported because structural models have been modified from the original (number of 

oxygens, number of coordination spheres). 
b
Kept fixed throughout the refinement because of the low values assumed when left free; this value was 

determined based on results from the refinements of the standards. 
c
Kept fixed in the refinement to the values from the Fe

57
 Mössbauer analysis. 
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3.2.3  XRPD experiments at MCX beamline – ELETTRA 
The conducted experiment allowed to obtain high-resolution XRPD pattern, both at 7 

and 10 keV for each of the investigated samples (chrysotiles and erionite). In Fig. 3.2.10 is 
reported the example of the two pattern collected on chrysotile UICC. 
 

 
Fig. 3.2.10. XRPD pattern of chrysotile UICC collected at 7 keV (top) and at 10 Kev (bottom). 

 
 
On this data, structural refinements have been performed (in Figs. 3.2.11, 3.2.12)  
allowing to obtain unit cell parameters, thermal parameters, spatial group and anion-
cation distances. These data are listed in the following Tables (3.2.11 – 3.2.17); for the 
refinements, the structural model of Falini et al. 2004 was used. These results are the 
product of the combined refinement of data at 7 and 10 keV. 
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Fig. 3.2.11 Rietveld refinements (made with Topas) of data collected at 10keV of chrysotile UICC (top) and 
chrysotile Balangero (bottom). Observed (crosses), calculated (continuous line), and difference (bottom 
line) curves are reported.  
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Fig. 3.2.12 Rietveld refinement (made with Topas) of data collected at 10keV of chrysotile Val Malenco. 
Observed (crosses), calculated (continuous line), and difference (bottom line) curves are reported. 

 
 
Table 3.2.11 
Unit cell parameters and agreement factors of the refinement for chrysotile UICC, Balangero and Val 
Malenco. 

 UICC  Balangero  Val Malenco  

a (Å) 5.354 (3) Rwp  5.805 % 5.394 (3) Rwp  3.880 % 5.348 (3) Rwp  4.220 % 

b (Å) 9.155 (6) Rp  3.994 % 9.204 (5) Rp  2.722 % 9.23 (1) Rp  2.946 % 

c (Å) 14.735 (5) χ2 2.001 14.553 (3) χ2 1.766 14.717 (7) χ2 2.107 

β (°) 93.60 (4)  94.10 (8)  93.96 (6)  

sp. gr. Cc  Cc  Cc  
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Table 3.2.12 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for chrysotile UICC. 

site x y z occupancy Uiso 

M(1) 0.9237(16) 0.13699(83) 0.24947(64) Mg0.96Fe0.04 0.0038(37) 
M(2) 0.4100(20) 0.29534(99) 0.24564(75) Mg0.96Fe0.04 0.0038(37) 
M(3) 0.8992(15) 0.45047(77) 0.21374(57) Mg0.96Fe0.04 0.0038(37) 
T(1) 0.0433(10) 0.30156(58) 0.04850(35) Si1.00 0.0063(36) 
T(2) 0.52246(96) 0.47400(58) 0.04615(35) Si1.00 0.0063(36) 
O(1) 0.0406(17) 0.13852(87) 0.00278(48) O1.00 0.0076(36) 
O(2) 0.25835(85) 0.40178(86) 0.00294(48) O1.00 0.0076(36) 
O(3) 0.77057(91) 0.37946(99) 0.02314(55) O1.00 0.0076(36) 
O(4) 0.0999(14) 0.27988(82) 0.15867(37) O1.00 0.0076(36) 
O(5) 0.5105(13) 0.47545(88) 0.15796(33) O1.00 0.0076(36) 

OH(1) 0.7586(23) 0.3127(15) 0.3155(12) OH1.00 0.0076(36) 
OH(2) 0.2857(18) 0.1062(14) 0.30993(63) OH1.00 0.0076(36) 
OH(3) 0.5725(22) 0.1241(16) 0.17598(59) OH1.00 0.0076(36) 
OH(4) 0.2260(22) 0.4564(15) 0.29770(85) OH1.00 0.0076(36) 

 
 
Table 3.2.13 
Selected distances (in Å) for octahedral (M) and tetrahedral (T) sites in chrysotile UICC.  

M(1)    - O5 2.074(11)  M(2) - OH4 1.957(17)  M(3) - OH3 1.940(16) 

 - OH2 2.101(13)   - O4 2.038(12)   - OH4 2.079(14) 

 - OH1 2.104(17)   - OH1 2.081(17)   - O4 2.088(11) 

 - OH4 2.110(16)   - OH3 2.093(17)   - OH2 2.126(14) 

 - OH3 2.114(14)   - OH2 2.102(15)   - OH1 2.133(18) 

 - O4 2.133(11)   - O5 2.183(12)   - O5 2.201(11) 

 average 2.106   average 2.076   average 2.0945 

           

    T(1) - O1 1.6375(94)  T(2) - O3 1.6386(85) 

     - O4 1.6453(74)   - O1 1.6416(95) 

     - O3 1.6468(80)   - O2 1.6520(75) 

     - O2 1.6479(83)   - O5 1.6534(72) 

     average 1.6444   average 1.6464 
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Table 3.2.14 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for chrysotile Balangero. 

site x y z occupancy Uiso 

M(1) 0.9156(16) 0.14156(84) 0.24723(65) Mg0.96Fe0.04 0.0138(42) 
M(2) 0.4234(15) 0.30777(92) 0.24954(64) Mg0.96Fe0.04 0.0138(42) 
M(3) 0.8895(14) 0.45246(74) 0.21113(57) Mg0.96Fe0.04 0.0138(42) 
T(1) 0.0470(11) 0.27915(57) 0.04666(35) Si1.00 0.0189(57) 
T(2) 0.52933(99) 0.45194(57) 0.04630(35) Si1.00 0.0189(57) 
O(1) 0.0174(25) 0.11419(72) 0.00009(51) O1.00 0.0214(48) 
O(2) 0.2894(12) 0.3555(12) 0.00366(45) O1.00 0.0214(48) 
O(3) 0.7863(13) 0.3680(14) 0.02203(57) O1.00 0.0214(48) 
O(4) 0.1025(12) 0.27568(79) 0.15933(43) O1.00 0.0214(48) 
O(5) 0.5062(14) 0.4718(10) 0.15749(39) O1.00 0.0214(48) 

OH(1) 0.7705(24) 0.3192(15) 0.3228(12) OH1.00 0.0214(48) 
OH(2) 0.2753(18) 0.1150(13) 0.30328(68) OH1.00 0.0214(48) 
OH(3) 0.5727(18) 0.1406(13) 0.17099(61) OH1.00 0.0214(48) 
OH(4) 0.2099(22) 0.4752(14) 0.30110(85) OH1.00 0.0214(48) 

 
 
Table 3.2.15 
Selected distances (in Å) for octahedral (M) and tetrahedral (T) sites in chrysotile Balangero.  

M(1)    - OH2 2.065(13)  M(2) - O5 2.088(12)  M(3) - OH3 2.098(14) 

 - OH4 2.077(15)   - OH1 2.090(16)   - OH4 2.103(14) 

 - OH3 2.088(13)   - OH4 2.095(15)   - OH2 2.129(14) 

 - O4 2.088(11)   - OH3 2.110(14)   - O4 2.159(10) 

 - O5 2.116(12)   - O4 2.117(11)   - O5 2.164(10) 

 - OH1 2.149(18)   - OH2 2.118(15)   - OH1 2.169(18) 

 average 2.097   average 2.103   average 2.137 

           

    T(1) - O3 1.644(11)  T(2) - O1 1.6372(85) 

     - O4 1.6460(79)   - O5 1.6420(77) 

     - O2 1.6470(96)   - O3 1.647(10) 

     - O1 1.6657(86)   - O2 1.6529(94) 

     average 1.651   average 1.645 
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Table 3.2.16 
Final atomic coordinates, occupancies and atomic displacement parameters (Å

2
) for chrysotile Val Malenco. 

site x y z occupancy Uiso 

M(1) 0.9167(20) 0.1390(11) 0.24702(83) Mg0.96Fe0.04 0.0048(56) 
M(2) 0.3919(25) 0.3039(12) 0.24975(91) Mg0.96Fe0.04 0.0048(56) 
M(3) 0.8849(19) 0.45094(96) 0.20887(74) Mg0.96Fe0.04 0.0048(56) 
T(1) 0.0356(14) 0.28513(72) 0.04490(44) Si1.00 0.0074(74) 
T(2) 0.5193(12) 0.46132(71) 0.04441(44) Si1.00 0.0074(74) 
O(1) -0.0190(33) 0.1236(12) 0.00004(69) O1.00 0.0081(56) 
O(2) 0.2865(13) 0.3557(12) 0.00383(57) O1.00 0.0081(56) 
O(3) 0.7876(14) 0.3877(14) 0.02121(92) O1.00 0.0081(56) 
O(4) 0.0869(17) 0.27528(98) 0.15641(58) O1.00 0.0081(56) 
O(5) 0.4948(17) 0.4715(14) 0.15565(51) O1.00 0.0081(56) 

OH(1) 0.7524(29) 0.3151(19) 0.3102(17) OH1.00 0.0081(56) 
OH(2) 0.2818(27) 0.1064(17) 0.30423(82) OH1.00 0.0081(56) 
OH(3) 0.5666(22) 0.1412(15) 0.17260(74) OH1.00 0.0081(56) 
OH(4) 0.1969(28) 0.4756(15) 0.2996(10) OH1.00 0.0081(56) 

 
 
Table 3.2.17 
Selected distances (in Å) for octahedral (M) and tetrahedral (T) sites in chrysotile Val Malenco.  

M(1)    - O4 2.087(15)  M(2) - OH4 2.061(19)  M(3) - OH4 2.076(18) 

 - OH4 2.094(18)   - OH1 2.069(21)   - OH3 2.094(16) 

 - OH2 2.094(17)   - O4 2.075(15)   - OH2 2.108(17) 

 - OH1 2.096(22)   - OH2 2.093(19)   - OH1 2.108(24) 

 - OH3 2.103(15)   - OH3 2.137(18)   - O4 2.124(13) 

 - O5 2.110(16)   - O5 2.173(17)   - O5 2.185(13) 

 average 2.0973   average 2.101   average 2.116 

           

    T(1) - O2 1.644(11)  T(2) - O2 1.642(12) 

     - O3 1.647(12)   - O3 1.645(11) 

     - O4 1.648(11)   - O5 1.654(10) 

     - O1 1.649(13)   - O2 1.660(11) 

     average 1.647   average 1.650 
 
 

The obtained structures of chrysotile samples are very similar to each other and quite 
similar to the only available structure of chrysotile present in literature (Falini et al., 
2004). The cationic sites occupancies are in general agreement with the chemical 
compositions from EMPA  analysis (Table 3.1.7). It should be remarked that these data 
are an approximation, since the distortion of the unit cell due to the cylindrical lattice is 
not considered (stacking disorder, Leoni et al. 2004). The peak anisotropic broadening 
was empirically corrected here by using spherical harmonics at 8 terms and convolution 
according to the function exp_conv_const = (sh1-1) Tan (Th); in addition, soft constrains 
were imposed on Mg-O, Si-O and O-O distances, with weight according to the function of 
Topas penalties_weighting_K1 5 (low weight).    



Results 

 

99 
 

3.2.4  In situ µXANES, µXRD and XRF at I18 - DLS 
As a first step of the experiment, μXRF maps were collected for all samples treated 

with MeT5A cell culture, and on selected samples treated with Beas2B cell culture. The 
resulting maps are shown in Figures 3.2.13 and 3.2.14. 
 

 
 
 

Fig. 3.2.13. μXRF maps of samples after 24 and 96h ct with Met5A cell culture. Arrows indicate the points at 
which XRD and/or XANES spectra were collected. Maps have variable dimensions (and consequently  
different scale) depending on the identified objects in the visible light. 
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Fig. 3.2.14. μXRF maps of samples after 24 and 96h ct with Beas2B cell culture. Arrows indicate the points at 
which XRD and/or XANES spectra were collected. Maps have variable dimensions (and consequently  
different scale) depending on the identified objects in the visible light. 
 

Orienting on the basis of the distribution of iron from the XRF maps, ɥXRD patterns 
and Fe K-edge ɥXANES spectra from individual fibres and aggregates were collected. The 
results are showed in the figures below.  
 

 
 

Fig. 3.2.15. Representative XRD spectra of chrysotile after 24 and 96h ct in Met5A; numbers on the side 
indicate the point at which data collection was taken, as shown in Fig. 3.2.13.  
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In some spectra of the chrysotile and crocidolite samples, the contribution from 
magnetite-maghemite particles is visible, with the main reflection (label m in the graphs) 
at about 35.4 °2θ. It should be remarked that such peak partially overlap with minor 
peaks which belong to both chrysotile and crocidolite; this contribution is particularly 
evident in spectra 1, 14 and 20. 
 

 
 

Fig. 3.2.16. XRD spectra of crocidolite after 24 and 96h ct in Met5A; numbers on the side indicate the point 
at which data collection was taken, as shown in Fig. 3.2.13. (the "+" sign indicates that the two spectra have 
been summed; m = magnetite reflections). 
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Fig. 3.2.17. XRD spectra of erionite after 24 and 96h ct in Met5A; numbers on the side indicate the point at 
which data collection was taken, as shown in Fig. 3.2.13. (c = clinoptilolite reflections). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Fig. 3.2.18. Representative XRD spectra of chrysotile after 24 and 96h ct in Beas2B; numbers on the side 
indicate the point at which it was made the collection, as shown in Fig. 3.2.14 (m = magnetite reflections).  
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Fig. 3.2.19. Representative XRD spectra of crocidolite after 24 and 96h ct in Beas2B; numbers on the side 
indicate the point at which it was made the collection, as shown in Fig. 3.2.14  (m = magnetite reflections). 
Spectra of erionite sample not reported due to their poor quality. 

 
Results obtained from the modelling of the peak profiles are reported in Table 3.2.18; 

for chrysotile sample, from 24 to 96h ct in both cell cultures, the Lx value remarkably 
increases whereas it slightly increases for erionite and crocidolite samples. 

 
Table 3.2.18 

Medium values for Lx profile parameter of samples after 24 and 96h ct in cell culture Beas2B and MeT5A. 
 

Sample Cell culture type 24h ct 96h ct 

    

Chrysotile UICC 
 

MeT5A 
 

BeaS2B 

25(6) 
 

44(8) 

51(8) 
 

68(10) 
    

Crocidolite UICC 
 

MeT5A 
 

BeaS2B 

10(1) 
 

6(2) 

12(2) 
 

12(2) 
    

Erionite 
 
 

MeT5A 
 

BeaS2B 

6(1) 
 
- 

8(3) 
 
- 
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In addition, partial structural refinements were tentatively performed for crocidolite and 
erionite to get information on possible ion exchange during the dissolution process. 
Unfortunately, it was not possible to define a clear trend of cation mobilization with ct 
time. Notwithstanding, results for crocidolite sample (listed in Table 3.2.xa) indicate that 
after 96h ct in both cell cultures, Na and Mg in Am and M1 position, respectively, tend to 
decrease their site population whereas Fe2+ in M1 and M3 slightly decreases. Although 
the results require further confirmation, in erionite, after 96h ct, cationic site occupancy 
indicate Na ion exchange with partial migration (see Table 3.2.19). 
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Fig. 3.2.20.  Representative Fe K-edge XANES spectra of samples after 24 and 96h ct in Met5A cell culture. 
Numbers and symbols in brackets indicate the point at which it was collected,  as shown in Fig. 3.2.13.  

 
As an example, Fig. 3.2.20 reports a set of representative Fe K-edge μ-XANES spectra of 
the investigated fibres together with a spectrum collected on a magnetite-maghemite 
particle. Data were collected on samples that have been in contact with Met5A cell 
culture; spectra of samples treated with Beas2B are not reported as they are very similar. 
The results of the pre-edge analysis are listed in Table 3.2.20.  
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Table 3.2.20 
XANES pre-edge parameters of chrysotile (top) crocidolite (medium) and erionite (bottom). Reported data 
are the average result of the deconvolution of pre-edges of all collected spectra within the sample. 

 

crocidolite UICC 
Component 
position (eV) 

Component  
area  

Total 
area 

Centroid  
position (eV) 

     

BeaS2B 24h ct  
 

7112.33 
7113.68 
7115.10 

0.008 
0.030 
0.041 

0.08(1) 7114.29(8) 

BeaS2B 96h ct  7112.35 
7113.73 
7115.14 

0.009 
0.031 
0.036 

0.08(1) 7114.24(9) 

     

MeT5A 24h ct 
 
 

7112.35 
7113.76 
7115.08 

0.011 
0.030 
0.040 

0.081(2) 7114.22(8) 

MeT5A 96h ct 
 

7112.41 
7113.79 
7115.13 

0.011 
0.027 
0.032 

0.07(2) 7114.20(6) 

chrysotile UICC     

     

BeaS2B 24h ct 
 
 

7112.59 
7114.02 
7115.23 

0.016 
0.051 
0.040 

0.11(2) 7114.26(6) 
 

BeaS2B 96h ct 
 
 

7112.42 
7113.93 
7115.24 

0.012 
0.046 
0.036 

0.09(1) 7114.24(8) 

     

MeT5A 24h ct 
 
 

7112.54 
7113.88 
7115.26 

0.006 
0.045 
0.050 

0.101(4) 7114.47(7) 

MeT5A 96h ct 
 

7112.68 
7114.07 
7115.23 

0.015 
0.050 
0.040 

0.11(1) 7114.30(7) 

erionite     

     

BeaS2B 96h ct  7112.78 
7114.13 
7115.45 

0.025 
0.049 
0.043 

0.12(2) 7114.3(1) 

     

MeT5A 24h ct - 1 
 

7112.50 
7113.65 
7114.99 

0.014 
0.041 
0.049 

0.10(2) 7114.13(9) 

MeT5A 24h ct - 2 
 

7112.81 
7113.78 
7115.11 

0.003 
0.034 
0.054 

0.09(1) 7114.54(6) 

MeT5A 96h ct 
 

7112.49 
7113.84 
7115.12 

0.008 
0.037 
0.042 

0.09(2) 7114.33(9) 
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3.2.5  XRPD experiments at ID13 – ESRF 
The conducted experiment allowed to obtain high-resolution powder-like XRD 

patterns. In total,  several hundred of frames for each sample were collected, and after 
the operations of merging and averaging, about 30 analyzable spectra were produced for 
each sample, like that reported in the following figures.   
 

 
Fig. 3.2.21. XRD pattern of untreated crocidolite (left) and crocidolite fibres extracted from rat tissues 
(residence time of 80 weeks). 
 
 

 
 

Fig. 3.2.22. XRD pattern of untreated chrysotile UICC (left) and chrysotile fibres extracted from rat tissues 
(residence time of 80 weeks). 
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Fig. 3.2.23. XRD pattern of untreated erionite (left) and erionite fibres extracted from rat tissues (residence 
time of 104 weeks). 
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4 – DISCUSSION 
 
4.1  Surface reactivity of mineral fibres 

The surface reactivity of a mineral fibre is influenced by several parameters, the most 
important being the surface area and the fibre size. In fact, besides the intrinsic chemical 
stability of each mineral fibre type, a larger surface area determines an higher reactivity 
and consequently an higher dissolution rate. Observing the diagram in Fig. 4.1.1, it’s clear 
that there is a significant difference between chrysotile and amphiboles, and the inverse 
relationship between size of the fibres and their surface area is confirmed. 
 

 
 

Fig. 4.1.1. Specific surface area of the two size classes obtained from the gravitational separations. Legend: 
dark columns, short fibres; clear columns, long fibres (data are reported in Table 3.1.10, paragraph 3.6). 

 
The specific surface area of chrysotile is about 3.3 times that of amphiboles for short fibre 
samples, and about 4.5 times for long fibre samples whereas erionite has a surface area 
halfway between chrysotile and amphiboles. So, in this regard, chrysotile seems to be the 
more reactive specie and will dissolve more readily in acidic environment. 
Another important factor that plays a key role in the surface reactivity of a mineral fibre is 
the ζ potential. As reported in paragraph 2.3.5, its value can determine the stability of 
suspensions and aggregation of particles dispersed in the liquid. Measurements carried 
out in double distilled water confirm literature data, according to which chrysotiles show 
positive values (Light and Wei, 1977; Van Oss et al. 1999) of ζ potential, while crocidolite 
(and amphiboles in general) show negative values (Light and Wei, 1977). Surprisingly, 
negative values of the ζ potential for chrysotile from Val Malenco (both for long and short 
fibres) were found. This anomaly is not due to an experimental bias as other chrysotiles 
from the literature display negative ζ potential (Van Oss et al. 1999). 
Models to explain the differences between surface potential of chrysotile and amphiboles 
in aqueous medium at neutral pH have been proposed (Bonneau et al. 1986; Allen and 
Smith, 1975; Martinez and Zucker, 1960;  Riddick, 1968; Trivedi, 1970; Prasad and Pooley, 
1973) but they are not convincing and then a substantial revision is required. 
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In chrysotile, surface exposure occurs because of the breaking of hydrogen bridges linking 
two successive tetrahedral–octahedral (TO) units in the interlayer volume, causing the 
exposure of two surfaces: an unsaturated negative one formed by oxygen atoms 
(dangling, dark gray in Fig. 4.1.2a) and a negative one saturated by protons (light gray in 
Fig. 4.1.2a). The protons are insufficient to counterbalance the negative charge so both 
negatively charged surfaces call for positive charges so that the diffused corona consists 
of positively charged ions attracted by the negative residue potential. These ions can be 
protons, hydrated cations, H3O+, Mg2+ (Martinez et al. 1960; Riddick, 1968; Trivedi, 1970) 
or Na+, K+ and Ca2+ as compensator cations in chrysotile structure (Hannila and Hallman, 
1979; De Waele et al. 1983; Surkyn et al. 1983) or as cations dissolved in lung fluids. This 
model and the values of the ζ potential at pH 7 are in line with those reported for 
kaolinite, whose negatively charged basal faces throughout the whole pH range require 
compensation by positive cations, whereas edges result to be a combination of the 
potential on the silica and alumina surfaces (Williams and Williams, 1978; Van Olphen, 
1976). In amphiboles, exposure occurs along the planes of the [110] faces. The presence 
of extra-tetrahedral cations such as Ca2+, Fe2+,Fe3+, Mg2+ and protons determine a positive 
charge of the Stern layer, and a resulting attraction of negatively charged molecules to 
form the diffused corona. Consequently, the ζ potential will have negative values (Fig. 
4.1.2b). A similar picture is found in zeolites such as erionite (Polatoglu and Özkan, 2005). 
 

 
 
Fig. 4.1.2. Structural models which explain the sign of the ζ potentials of chrysotiles (a) and amphiboles (b). 
Chrysotile structure along a direction normal to [001]. Structural model of chrysotile taken from Prencipe et 
al. (2009). 
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The chrysotile from Val Malenco represents a special case. Its negative values of ζ 
potential in distilled water (table 3.1.12) cannot be due to chemical composition (since it 
is very similar to that of chrysotile UICC, see table 3.1.7) or to structural parameters, as 
they are similar to those of chrysotile UICC and Balangero (Table 3.2.11). Possibly, quartz 
and forsterite impurities present in this sample (and not in the other chrysotiles) can 
influence the potential, as they have both strongly negative ζ potential (Kaya and 
Yukselen, 2005; Pokrovsky and Schott, 2000). Another contributing cause could be related 
to the size of the fibrils; in fact, BET data (Table 3.1.10) shows that this sample posses 
twice the surface area of the other chrysotiles, despite the major length of its fibres (table 
3.1.9); the only reasonable explanation is that fibrils are much thinner compared to those 
of other chrysotiles. The higher surface area could prompt a faster partial dissolution and 
release of cations which gather around the surface and increase the positive charge of the 
Stern layer, calling for a more negatively charged ζ potential. 
Variations of the pH and subsequent partial dissolution of the fibres induce variations of 
the ζ potential which tends to become more negative at high pH values. For chrysotile, in 
the low pH range, the dissolution reaction of the magnesium hydroxide sheet which 
leaves a hydrated silica relict (Bernstein et al. 2013; Suquet, 1989), brings an excess 
magnesium concentration at the surface of the fibre and an overall positive ζ potential 
(Light and Wei, 1977; Pundsack, 1955; Yao et al. 2010). According to Feng et al. 2013, 
magnesium ions are simply left on serpentine surface and are responsible for its positive 
surface charge. In the high pH range, chrysotile is stable and hydroxyls at the surface of 
the fibre determine an overall negative ζ potential of the particle. Another possibility is 
that the reversal from positive to negative sign of the ζ potential is due to the electrolytes 
introduced in solution which replace the protons at the Stern layer and call for negative ζ 
potential. The ζ potentials of both crocidolite and erionite become more negative in the 
high pH range. Electrolytes (Na+) introduced in solution to create alkaline conditions, 
replace surface protons at the crystal edges and, together with Ca2+, Fe2+, Fe3+, Mg2+, 
enhance the positive charge of the Stern layer, which in turn call for an even more 
negative ζ potential.  
Despite the differences observed in contact with distilled water, when in contact with 
organic solutions (Gamble’s and SLF solution), all the mineral fibres tend to gain negative 
and similar values of the ζ potential, as visible in Fig. 4.1.3 (data in Table 3.1.11). It should 
be remarked that the difference of the ζ potential in distilled water of chrysotile (positive) 
on one side and amphiboles and erionite (negative) on the other side has been 
hypothetically assumed as distinctive character to discriminate the potential cytotoxicity 
(Wagner et al. 1974; Kamp, 2009; Kanarek, 2011; Qi et al. 2013) of these fibres (low or 
null in chrysotile and high in amphiboles and erionite).  
This result demonstrates instead that the ζ potential is not a discriminating factor when it 
is measured in contact with organic solutions (namely in the lungs). In this condition, ζ 
potential turns from positive to negative for chrysotile whereas it becomes less negative 
for both crocidolite and erionite. 
The high concentration of Na+ present in the organic solutions triggers ion exchange for 
the surface protons of the chrysotile exposed surfaces so that the Stern layer becomes 
positive and requires surrounding negative charges. For crocidolite and erionite, the high 
concentration of Na+ possibly triggers ion exchange not only for the surface protons but 
also for the edge extratetrahedral cations with large oxidation number such as Ca2+ and 
Mg2+. The ion exchange decreases the positive charge of the Stern layer which requires a 
less negative ζ potential. 
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The reduction of the absolute values of ζ potentials has already been observed for 
chrysotile and crocidolite in the presence of the surfactant dipalmitoyl 
phosphatidylcholine (DPPC) by Light and Wey (1977). The ζ potential of the fibres at pH 
4.5 and 7.0 (that of phagolysosomes and of extra-cellular environment) is invariably 
negative, with values approximately in the range −10 to −26 mV. The lack of differences 
among the various fibre species is probably the reason why Van Oss et al. (1999) reported 
that the value and sign of ζ potential is irrelevant to the degree of their pathogenicity. Our  
results instead demonstrates that the ζ potential of mineral fibres may influence or may 
be influenced by several bio-chemical and physical parameters: 

 

(1) Hemolytic potential: Light and Wey (1977) observed that when DPPC was added to 
the fibre suspension, hemolytic activity decreased for all UICC fibre standards (by 87% for 
amosite and crocidolite and 25% for chrysotiles) and that in general, a decrease of the 
absolute value of the ζ potential decreases the hemolytic activity. The decrease of the ζ 
potential of the fibres is an effect of the defensive response acted by the macrophage 
cells to minimize hemolytic damage.  
A reduction of the magnitude of the ζ potential of the fibres should correspond to a 
decrease of the hemolytic activity. According to Gabor and Anca (1975) the mechanism 
for hemolysis induced by the fibres relies on the formation of lipid-bilayer clusters, 
normally extending homogeneously through the entire lipid bilayer (Fig. 4.1.4). Clustering 
occurs because of the coulombic repulsion of negatively charged sialic acid groups with 
negatively charged fibres. Although ion permeability through lipid bilayers is very low, 
ions can readily penetrate those regions of the erythrocyte membrane, where the 
clusters of glycoproteins are formed, causing hemolytic activity.  
 

 

Fig. 4.1.3 Variations of the ζ potential values 

as a function of pH in Gamble solution at 37 °C 
on representative samples of chrysotiles, 
amphiboles and erionite. Legend: (●) 
chrysotile UICC long; (■) chrysotile Balangero 
long; (◊) chrysotile UICC short; (●) amosite 
short; (Δ) crocidolite short; (∆) erionite short. 
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In support of this model, it was demonstrated that ζ potential of insoluble nanoparticles 
has been correlated with hemolytic potential (Cho et al. 2012). In this scenario, when 
nanoparticles enter the acidic lysosome milieu, enzymatic digestion of the corona by 
lysosomal enzymes (Wallace et al. 1992) occurs and may cause the reversal of negative ζ 
potential. Thus, the positively charged nanoparticles may interact with the negatively 
charged internal face of the lysosomal membrane (lysosomal destabilization) and trigger 
and inflammation cascade in the lung (acute lung inflammogenicity; Hornung et al. 2008). 
As far as chrysotile and Mg-amphiboles are concerned, following the behavior of MgO-
nanoparticles (Cho et al. 2012) no inflammation is expected by the release of non-toxic 
Mg2+. 
 

 

 
Fig. 4.1.4. Representation of phospholipid bilayer; the hydrophilic polar heads can be grouped because 

of their repulsion with negatively charged fibers (image from Sadava et al. 2007). 
 

(2) ROS production: Iron associated with asbestos promotes the formation of the highly 
reactive HO• from the oxidation of ferrous iron (Fe2+) to ferric iron (Fe3+) by H2O2 released 
by the macrophages during the inflammatory burst (Fenton reaction; Kamp and 
Weitzman, 1999).  
Superoxide and other biological reducing agents can eventually reduce Fe3+ iron back to 
redox active Fe2+ iron (family of catalyzed Haber–Weiss reactions). The existence of a 
negatively charged surface (negative ζ potential), source of electrons, on the fibres 
prompt the formation of HO• via the reaction with peroxide: H2O2 + e−→ HO•+ OH−.  
The mechanism is identical to that described for freshly cut quartz surfaces in biological 
medium (Donaldson and Borm, 1998) where silanol groups (Si-OH) and ionized silanol 
groups (Si-O-) on the surface play a major role in interaction with membranes (Nolan et 
al. 1981; Fubini et al. 1995). In lung lining fluid or in tissue fluid, these products of 
hemolytic cleavage can give rise to HO• and H2O2 (Castranova et al. 1996; Donaldson and 
Borm, 1998). 
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(3) Fibre encapsulation by collagen and iron-rich proteins: In support of the proviso that 
the decrease of the ζ potential of the fibres is caused by the defensive chemical cellular 
response during macrophage phagocytosis, literature data report that the negatively 
charged reactive surface favours the binding of collagen and redox activated Fe-rich 
proteins, to form the so-called asbestos bodies.  
In fact, alveolar macrophage ingestion of asbestos fibres triggers a fibrogenic response 
from fibroblasts via the release of growth factors (mainly TGF-β), cytokines, TNF-α, 
interleukin-1β (IL-1β), which collectively promote collagen deposition and asbestos 
encapsulation by mucopolysaccharides and Fe-rich proteins (ferritin, hemosiderin) that 
can be redox activated (Liu et al. 2013). 
 
(4) Apoptosis: According to the model of mitochondria-endoplasmic reticulum cross talk 
in asbestos-induced apoptosis (Liu et al. 2013), endoplasmic reticulum stress due to the 
fibre interaction causes activation of an unfolded protein response and Ca2+ release 
which, in turn, lead to activation of mitochondria-regulated apoptosis (Fig. 4.4.3). Because 
the Ca2+ release to the mitochondria is necessary for the induction of intrinsic apoptosis, 
the whole cellular response cycle may be broken if the negatively charged corona of the 
mineral fibres attract and fix the Ca2+ ions. This model is in agreement with the ζ potential 
data shown in Table 3.1.13, where it can be noted that, when Ca2+ ions are introduced in 
solution (by the addition of CaCl2*2H2O) the ζ potential of all mineral fibres changes 
radically towards positive values, which means that Ca2+ ions are fixing to the Stern layer 
or to the outer corona. 
 
(5) Fibre agglomeration: We have seen that ζ potential of the fibres at pH 4.5 and 7.0 
display values in the range −10 to −26 mV, with no remarkable differences among the 
various fibre species. At such values of ζ potential, processes such as agglomeration are 
favoured (Fig. 4.1.5). This is a critical point as it is known that culture conditions with most 
agglomeration induce highest biological responses (Gualtieri et al. 2012; Sharma et al. 
2014). 
 

 
 

Fig. 4.1.5. SEM image of a ball-like cluster in the crocidolite sample. 
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(6) Fibre size: Measurements carried out in organic solutions at 37 °C show a slight 
general trend of long fibres (with smaller surface area) having values of ζ potential with 
more positive sign and lower values than short fibres (Table 3.1.11). This may be due to 
higher surface reactivity of short fibres, prompting partial dissolution and release of 
cations which gather around the surface and increase the positive charge of the Stern 
layer. The latter calls for a more negatively charged ζ potential. The dilemma regarding 
the different pathogenicity of short vs. long fibres is still an open issue. According to the 
hypothesis of Stanton et al. (1981), the ability of mineral particles to cause cancer is 
mostly a function of size rather than physico-chemical properties.  
Recent studies (Turci et al. 2012) showed that the fibre size has fundamental importance 
to define the toxicity of a fibre and that short chrysotile fibres (nanofibres) do not exhibit 
the same cytotoxicity of the long fibres. Our results reveal that short fibres with higher 
absolute values of ζ potential are more stable in solution and less aggregated that long 
fibres. The latter have a tendency to aggregation and, in conjunction with frustrated 
phagocytosis by macrophages, should trigger more potent inflammatory response than 
short fibres. 

 
(7) Temperature: It was found that temperature affects the value of the ζ potential both 
in distilled water and in Gamble’s solution (Figs. 3.1.20; 3.1.21 and 3.1.22). Assuming the 
same fibre size, it turns out that the ζ potential becomes more negative (assumes higher 
absolute values) at 25 °C. This variation is significant for amphiboles and erionite whereas 
it is within the experimental error for chrysotile UICC. Although the literature describing 
the influence of temperature on the ζ potential is scanty, it was generally observed that ζ 
potential becomes more negative with temperature increase (Venditti et al. 2006). The 
opposite phenomenon is observed here. The influence of temperature on the ζ potential 
is a result of changes in silanol equilibrium, adsorption equilibria and diffused double-
layer thickness (Revil et al. 1999). Notwithstanding, exceptions are reported in the 
literature (Ramachandran and Somasundaran, 1986) indicating that temperature 
dependence of the ζ potential, if any, is structure-related and influenced by other 
chemical factors, such as pH. 
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4.2 Iron in mineral fibres 
 
4.2.1 Occurrence 

From the collected XANES, EXAFS and Fe57 Mössbauer data, the presence of both Fe2+ 
and Fe3+ oxidation states, disordered over different structural sites, has been detected. 
This is clearly observable in Fig. 4.2.1 (that is a modified version of the variogram from 
Wilke et al. 2005), where the XANES pre-edge parameters of our samples are plotted 
against that of standard reference compounds. 

 
Fig. 4.2.1. Pre-edge parameters of samples and reference compounds plotted in the modified variogram 

from Wilke et al. (2005). Little grey fields designate pre-edge parameters for the Fe co-ordination and 
oxidation state whereas dashed lines between fields indicate the variation of pre-edge parameters 
assuming binary mixtures of respective end-members (Wilke et al. 2005); larger grey fields designate our 
pre-edge parameters. 

 
The obtained cationic distribution of Fe ions in our samples are in general agreement with 
literature data and will be hereby discussed in detail. Important to note that, since 
literature data (Wilke et al. 2001, 2005; Giacobbe et al. 2010) possess the iron threshold 
calibrated at variable energies, they have all been rescaled to be compared to our data 
(threshold of iron at 7112.00 eV). 
 
Amphiboles 
As reported in the introduction (1.1.1) Fe2+ ions can be potentially hosted in the 
octahedral M(1), M(2), M(3) and M(4) positions (Stroink et al. 1980; Whitfield and  
Freeman, 1967) whereas Fe3+ can only be hosted in the M(1), M(2) and M(3) positions 
(Stroink et al. 1980; Cameron and Papike, 1979). A sketch of the structure unit of 
amphibole asbestos is reported in Fig. 4.2.2. 
In anthophyllite, the pre-edge peaks centroid position at 7113.13 eV (Table 3.2.9) 
indicates the presence of Fe2+ in agreement with MÖssbauer (MS) information from the 
literature (Stroink et al. 1980).  
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The total pre-edge peaks area of 0.054 points to iron hosted only in octahedral position 
(Table 3.2.9). The best fit of the EXAFS data was obtained with a first shell composed of 
three oxygen atoms at 2.07 Å and 2.08 Å, respectively.  
Unfortunately, the quality of the data is poor (see Fig. 3.2.8) and it was not possible to 
accomplish a better fit (see the R-factor and Debye-Waller in Table 3.2.10). As reported in 
many MS studies on anthophyllite samples (Stroink et al. 1980; Hawthorne, 1983; Law 
1989), the population of Fe2+ in M(4) is much larger than the population in M(1), M(2)  
and M(3); Fe3+ ions, if any, are expected to be confined in M(2) site although in some 
cases the occurrence of small amounts of Fe3+ in M(1) or M(3) sites has been reported. 
Hence, anthophyllite results to be mainly composed of Fe2+ with a very low amount of 
Fe3+, both in octahedral coordination, with Fe2+ ions preferably hosted in M(4) site. 
 

 
Fig. 4.2.2. Sketch of the structure unit of amphibole asbestos composed of one-dimensional double-chains 
(a–b crystallographic plane). Yellow=M(1), green=M(2), blue =M(3) and red=M(4). 

 
For amosite, XANES pre-edge centroid position at 7113.17 eV and total pre-edge peaks 
area of 0.044 indicate predominance of Fe2+ hosted only in octahedral position (Table 
3.2.10 and Fig. 4.2.1) in agreement with MS data (Table 3.1.15). EXAFS data (Table 3.2.10) 
confirm a first shell of 6 oxygen atoms at a mean distance of 2.083 Å, slightly shorter but 
still close to the theoretical value of octahedral Fe2+-O (2.14 Å). MS data of the 
cummingtonite-grunerite series (Stroink et al. 1980; Whitfield and Freeman, 1967; 
Bancroft et al. 1967) were fitted using a model with Fe2+ ions preferably in M(4) site with 
respect to M(2). According to this model, 35% of the total Fe2+ is hosted in M(4) site, and 
remaining Fe2+ ions randomly distributed over M(1), M(2) and M(3) sites. Therefore, 
despite amosite generally contains much more iron with respect to anthophyllite, the 
models of cation distribution are comparable, with octahedral Fe2+ largely prevailing over 
Fe3+. 
Regarding crocidolite, XANES data evidence comparable fractions of Fe2+ and Fe3+, with a 
pre-edge centroid position at 7114.05 eV (Table 3.2.9), halfway between that of the Fe2+ 
and Fe3+ standards and in agreement with MS information from literature (Stroink et al. 
1980; Fantauzzi et al. 2010). The total area of the pre-edge peaks 0.054 indicates that iron 
has an octahedral coordination. EXAFS data confirms a first shell of six oxygen atoms at a 
mean distance of 2.059 Å (Table 3.2.10). This value is right in between the theoretical 
value of octahedral Fe2+-O (2.140 Å) and the theoretical value of octahedral Fe3+-O (2.015 
Å). Thus, iron in UICC crocidolite has comparable amount of ferrous and ferric iron both in 
octahedral coordination (Fig. 4.2.1).  
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In a structural study about the Bolivian crocidolite Whittaker (1949) reported that site 
M(4) is partially vacant with magnesium largely prevailing over iron. MS data from the 
literature (Whitfield and  Freeman, 1967; Stroink et al. 1980; Pacella et al. 2012; Fantauzzi 
et al. 2010) confirm that Fe3+ ions are mainly found in the peripheral M(2) positions with a 
small proportion in M(1) and M(3) while most of the Fe2+ ions occupy M(1) and M(3), the 
innermost positions. In concert, the distance of 2.09 Å obtained from EXAFS refinement is 
consistent with the average interatomic distances of six oxygen atoms (2.088 Å) with 
respect to Fe ions within M(1), M(2) and M(3) positions calculated from an ideal 
structural model of crocidolite. 
Tremolite displays a pre-edge centroid position at 7113.56 eV (Table 3.2.9) close to that 
of Fe2+ (Fig. 4.2.1) whereas the total pre-edge area of 0.032 is the lowest among the 
investigated samples and indicates that iron is only in octahedral position. These findings 
are in agreement with MS data (Table 3.1.15). The best fit of the EXAFS data (Table 
3.2.10), collected in fluorescence mode, was obtained with a single shell of six oxygen 
atoms at 2.093 Å. This is consistent with the coexistence of Fe2+ and Fe3+, with Fe2+ as 
dominant species, falling between the theoretical value of octahedral Fe2+-O (2.14 Å) and 
that of octahedral Fe3+-O (2.015 Å). Literature data on tremolite samples characterized 
with MS and other techniques reports that approximately 40% of Fe2+ is located M(2) site, 
while the remaining is disordered over both M(1) and M(3) sites (Pacella et al. 2008; 
Ballirano et al. 2008; Pacella et al. 2010; Pacella et al. 2012; Fantauzzi et al. 2010). 
Considering the site multiplicity, an almost disordered distribution of iron over sites M(1), 
M(2) and M(3) may be predicted, while Fe3+ is ordered in M(2) site. 
 
Chrysotiles 

In chrysotile, both Fe2+ and Fe3+ ions can replace magnesium in the octahedral sheet 
(Stroink et al. 1980; Hardy and Aust, 1995) furthermore, Fe3+ ions may eventually replace 
Si ions although this position may preferentially host Al3+ (Blaauw et al. 1979; O’Hanley 
and Dyar, 1998).  
Regarding chrysotile UICC, XANES data evidence major fractions of Fe3+ with respect to 
Fe2+, with a pre-edge peaks centroid position at 7114.42 eV (Table 3.2.9). The total pre-
edge peaks area of 0.129 indicates that iron is hosted in both octahedral and tetrahedral 
environment. This is confirmed by the EXAFS data (Table 3.2.10), showing two different 
site positions for iron: one having a first shell of four oxygen atoms at 1.860 Å and 
another one with a first shell of six oxygen atoms at 2.028 Å. The first shell is compatible 
with Fe3+ tetrahedral environment (theoretical distance 1.865 Å) while the second one 
with an octahedral environment mainly Fe3+  with a small presence of  Fe2+ (theoretical 
distances 2.015 Å and 2.140 Å, respectively). The presence of tetrahedral iron is widely 
justified by the previous MS study on this sample (Stroink et al. 1980) showed that about 
60% of total iron belongs to magnetite. Hence, assigning all tetrahedral iron to 
magnetite/maghemite and taking into account its contribution for octahedral Fe2+ and 
Fe3+, UICC chrysotile sample displays ferric iron prevailing over ferrous iron (in agreement 
with Bowes and Farrow, 1997) both in octahedral coordination (Fig. 4.2.1). 
In the Balangero chrysotile, XANES data suggest comparable fractions of Fe2+ and Fe3+, 
with a pre-edge peaks centroid position at 7114.04 eV (Table 3.2.9). The total pre-edge 
peaks area of 0.074 points to iron mainly in octahedral environment, with possible minor 
presence of tetrahedral iron. EXAFS refinements show two site positions: a first shell of 
four oxygen atoms at distance of 1.770 Å (attributed to tetrahedral ferric iron from 
magnetite) and another with six oxygen atoms at 2.054 Å (Table 3.2.10), consistent with 
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an octahedral environment halfway between Fe2+ and Fe3+ (theoretical distances 2.140 Å 
and 2.015 Å, respectively). Based on MS results (Table 3.1.15), about 30% of the total iron 
is attributed to magnetite and 70% to chrysotile.  
Magnetite, given to the observed non-stoichiometric Fe3+/Fetot ratio, shows a 10% 
oxidation to maghemite. In chrysotile Fe2+ is higher than Fe3+ (40% and 30% of Fetot, 
respectively). Although MS cannot discriminate iron present in chrysotile from iron 
present in other silicate (e.g. balangeroite), a relevant contribution from silicate 
impurities should be ruled out because: i) despite Val Malenco and Balangero chrysotiles 
are of different origin (with different silicate phase impurities) spectra are very similar; ii) 
silicate phase impurities have low iron content. In conclusion, from the convergence of 
XANES, EXAFS and MS data, it is possible to conclude that iron in chrysotile sample from 
Balangero is half ferrous and half ferric, both hosted in octahedrally-coordinated sites 
(Fig. 4.2.1). 
Concerning the Val Malenco sample, XANES pre-edge centroid position at 7114.13 eV and 
total pre-edge peaks area of 0.072 indicate comparable fractions of Fe2+ and Fe3+ almost 
exclusively in 6-fold coordination (Table 3.2.9 and Fig. 4.2.1). EXAFS results are in 
agreement with XANES data and very similar to that of Balangero chrysotile with a first 
shell of four oxygen atoms at a  distance of 1.810 Å and another with six oxygen atoms at 
2.033 Å (Table 3.2.10) amongst the octahedral theoretical Fe2+-O distance at 2.140 Å and 
the theoretical Fe3+-O distance at 2.015 Å. Based on MS data (Table 3.1.15), 27% of the 
total iron belongs to magnetite and 73% to chrysotile.  
Magnetite is partially oxidized to maghemite (in the order of 6%), in agreement with the 
low area of XANES pre-edge peaks, indicating low presence of tetrahedral iron (confirmed 
by EXAFS results). Hence, Val Malenco chrysotile displays comparable amount of Fe2+ and 
Fe3+ in octahedral position, very similar to that observed for Balangero chrysotile. 

 
Erionite 

In erionite, Fe3+ ions may virtually replace Al3+ ions in the framework or can be found in 
the extraframework cavities as octahedral free Fe(H20)6

3+ molecules whereas high-spin 
Fe2+ can be octahedrally coordinated in extraframework sites (Roque-Malherbe et al. 
1990). It was also reported iron in the form of Fe3+-bearing oxide-like nanoparticles, on 
the external surface of the silica walls of a fibrous erionite from Rome, Oregon, USA 
(Ballirano et al. 2009; 2015). In our erionite sample, XANES data confirm the presence of 
only Fe3+, having a pre-edge peaks centroid position at 7114.65 eV (Table 3.2.9) and in 
agreement with MS results (Table 3.1.15). The pre-edge peaks area of 0.076 reveals that 
iron is hosted only in octahedrally-coordinated positions, confirmed also by the EXAFS 
results, with a first shell of six oxygen atoms at a mean distance of 2.011 Å (Table 3.2.10). 
The absence of magnetic sextets in MS data (typical of iron oxide), allows to assess that 
oxide-like nanoparticles, if present, must have a dimension under the resolution limit of 
the measurement, namely <18 nm (Ballirano et al. 2009; Fierro et al. 2011).  
Moreover is important to note that, concerning XPS analyses, the deconvolution of the Fe 
2p3/2 peak was possible, although the iron content of the sample (from EMPA) was largely 
insufficient. This is probably due to the fact that iron is only found on the surface of the 
fibres. To support this hypothesis, TEM analysis were performed on this sample (using a 
TEM JEM 2010, 200 Kv, supplied at CIGS, University of Modena and Reggio Emilia) and the 
observations evidenced spherical particles (<10 nm) on the surface of the fibres (Fig. 
4.2.3a); locally, clusters of these particles were detected. EDS analysis reveals that such 
clusters are enriched in iron with respect to the bulk (Fig. 4.2.3b).  
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These results are preliminary and requires further experimental evidence to definitely 
rule out the possibility of iron present as 6-fold coordinated extraframework cation in the 
zeolite cages. However, in the investigated erionite, iron seems to be in octahedral 
coordination inside oxide-like nanoparticles present at the surface of the fibres. Notably, 
this conclusion is in perfect agreement with that of Ballirano et al. (2009 and 2015) 
despite the different origin of the samples investigated.  
 
 
4.2.2 The role of iron concerning the toxicity of mineral fibres 

Iron in mineral fibres may be responsible for carcinogenic activity namely via ROS/RNS 
production during the frustrated phagocytosis-induced inflammatory burst (Kamp and  
Weitzman, 1999). Reactive HO● are responsible for secondary geno-toxicity via damage to 
proteins and DNA, cell injury/mutation, nucleotide coenzyme destruction, membrane 
damage, apoptosis, lipid peroxidation (Bucher et al. 1983), and fibre encapsulation by 
collagen and iron-rich proteins (Liu et al. 2013). It is the synergy of (i) fibrous-asbestiform 
crystal habit which triggers off frustrated phagocytosis and production of H2O2 and (ii) 
active iron present at the surface of the fibres, to be the key factor of potential fibre 
toxicity as it promotes the formation of reactive HO● species by the surface Fenton 
reaction chain. In this frame, the findings reported in Turci et al. (2011) on synthetic 
chrysotile are of paramount importance: a fibre that does not contain iron is non-reactive 
in terms of ROS generation and cellular damage.  

Fig. 4.2.3. High-resolution TEM images of 
erionite sample: (a) fibre with spherical 
nanoparticles on the surface (indicated by 
arrows); (b) clustering of particles (indicated 
with the letter b) with EDS spectra; 
*contaminant from the grid. 
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However, even a very small amount of iron induces radical reactivity, cyto- and geno-
toxicity. Iron-containing particles such as hematite (Craighead and Gibbs, 2008) and 
magnetite are not active.  
Hematite has a lamellar crystal habit and magnetite is sub-spherical. Their crystal habit 
promotes complete internalization (Champion and Mitragotri, 2006) without ROS 
production. For crocidolite, the ability to be mobilized from the fibre surface (surface 
activity), rather than the amount of iron in the crystal lattice, are important for the 
generation of ROS (Fenoglio et al. 2001). In contrast to crocidolite, chrysotile is not rich in 
iron and the surface is less effective at generating hydroxyl radicals (Gulumian and Van 
Wyk, 1991). 
The collected results in this thesis show that in all investigated mineral fibres, iron is 
found in octahedral cavities. Fe3+ is in a peripheral octahedral cavity M(2) in amphiboles 
and inside the octahedral sheet in chrysotiles. In erionite it is present as octahedrally 
coordinated Fe3+ likely in surface oxide nanoparticles. Fe2+ is hosted in the internal 
octahedral cavities M(1) and M(3) in amphiboles and inside the octahedral sheet in 
chrysotiles. It should be remarked that Fe2+ is located in the innermost structure positions 
inside the crystal lattice less affected by oxidation. To cause production of HO● species, 
such iron must be available at the surface of the mineral fibre in contact with the organic 
medium. At the fibre surface, even Fe2+ ions are stable in the acidic pH environment of 
the lysosomes vacuoles (Wang et al. 2010).  
Because production of HO● species requires iron to be available at the surface of the 
mineral fibre in contact with H2O2 released in the organic medium, during the persistent 
inflammatory activity, a dependency upon the dissolution rate of the fibre is also 
expected (Craighead and Gibbs, 2008) as progressive dissolution of the fibre structure 
made bulk iron available at the surface. Although the experiments about the dissolution 
kinetics of chrysotiles and amphiboles are still in progress, some semi-quantitative 
conjectures to link the dissolution time of the fibres to the amount of iron converted from 
bulk iron to surface iron can be made. If a mean 0.1 µm diameter fibre size for 
convenience is assumed (as available literature data refer to this mean diameter size) 
together with a zero order reaction (compatible with the model described in Guldberg et 
al. 1998) for the bulk dissolution of the fibre, the estimated total dissolution time of the 
fibre in organic medium at pH = 4 (in days) are: amosite = ca. 2500 d, chrysotile = ca. 239 
d, crocidolite = ca. 5000 d (Table 2 in Gualtieri et al., 2012), and tremolite = ca. 18250 d 
(Rozalen et al., 2013), in the span of time of the dissolution of chrysotile (239 d), the 
following amount of iron (Fe2+ + Fe3+ wt%, calculated from the chemical formulas) is 
released: amosite = 3.0 wt%, chrysotile = 1.1-2.3 wt%, crocidolite = 1.3 wt%, and 
tremolite = 0.02 wt%. If we assume anthophyllite to have the same dissolution rate of 
crocidolite, the amount of total iron released in 239 d is 0.37 wt%. Hence, a proposed 
ranking of ability of asbestos fibres to generate available surface iron-related (pristine 
bulk iron made available at the surface of the fibre during the dissolution process) 

hydroxyl radicals may be: amosite > crocidolite  chrysotile > anthophyllite > tremolite. 
The ranking intentionally does not include erionite which requires an individual 
explanation. It is well known that although exposure to erionite is less widespread, this 
zeolite species is more potent than chrysotile asbestos in causing mesothelioma (Coffin et 
al. 1992; Carbone et al., 2007). Erionite is fibrous-asbestiform, it possesses a very low 
dissolution rate in acid media (Eborn and Aust, 1995), and also the total iron content is 
low (Fe3+ only = 0.55 wt%) thus, available surface iron-related hydroxyl radicals should be 
in principle negligible.  
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On the other hand, if we assume that Fe3+-rich oxide nanoparticles are all concentrated at 
the fibre surface, despite total content of iron is low, it is all available at the fibre surface 
and may be dissolved at pH = 4, forming active Fenton Fe(OH)2+ groups in acid solution, as 
sketched in Fig. 4.2.4a (Cornell and Schwertmann, 1996). 
It can be speculated that the remain of such dissolution process is a monolayer of 
Fe(OH)2+ groups retained at the zeolite surface as this molecular group fits the 6-
membered ring present in the erionite framework with a tetrahedral T2 site composing 
the 6-membered window rich in Al3+ (Cametti et al., 2013) as drafted in Fig. 4.2.4b. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2.4. a) Solubilities of goethite, hematite and lepidocrocide as a function of pH (from Cornell and 
Schwertmann, 1996); b) Scheme of how the Fe(OH)

2+
 groups could remain retained at the 6-membered ring 

present in the erionite framework and rich in Al
3+

. 

 
The data collected at MCX beamline (ELETTRA) using anomalous scattering XRPD will be 
crucial to validate the proposed model, but they are still in progress and require the 
support of TEM data. 
The selectivity for the 6-membered ring of erionite for iron is in concert with the empirical 
prediction reported in Fubini and Mollo (1995) who postulated that only a few surface 
iron species on mineral samples are in the right redox and coordination state to be active 
in the hydroxyl radical production. The predicted density of such surface iron sites should 
be relevant as all iron is originally present as fibre coating of Fe3+-rich oxide nanoparticles. 
This model is in agreement with the findings reported in Fach et al. (2003) on synthetic 
Fe-exchanged erionite. Moreover, the model plausibly applies to most of the natural 
erionite samples, such as erionite-K from Rome, Oregon, U.S.A. (Ballirano et al., 2009) and 
explains the affinity for iron of this zeolite species. 

 

a)                                                                                                 b) 
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4.3  Changes of mineral fibres in contact with human cell cultures 
As reported in paragraph 2.2.4, representative samples of crocidolite UICC, chrysotile 

UICC, chrysotile Val Malenco and erionite have been treated with culture diploid human 
non tumorigenic bronchial epithelial (Beas2B) and pleural transformed mesothelial 
(MeT5A) cells. The differences in the behaviour of the fibres in contact with both pleural 
and bronchial cell cultures with up to 96 h ct will eventually support a general model 
explaining the toxicity of these relevant mineral fibres and shed light on the global issue 
of chrysotile. The results obtained for each fibre species will be discussed in detail. 
 
Chrysotile UICC 

The distribution of iron in the XRF maps which belongs to the fibres allow to indirectly 
observe if overall variations of their crystal habit occur in contact with the cells. Within 
the intrinsic resolution limits of the data, chrysotile fibres seem not to change their 
overall crystal habit with residence time in the organic cultures (see for example Figs. 
2.4.11, 3.2.13 and 3.2.14) despite peak broadening and disappearance of major 
reflections observed in μ-XRD spectra of the samples treated for 96h ct in both cell 
cultures (Fig. 3.2.15 and 3.2.18) clearly indicate amorphization of the crystalline structure. 
Amorphization seems to occur via a pseudo-morphosis process where fibres change their 
molecular arrangement without macro/microscopic modification. Pseudo-morphosis has 
already been reported for chrysotile treated at temperature higher than 700 °C (Giacobbe 
et al. 2010) with the difference that at high temperature, recrystallization drives the 
transformation from chrysotile to forsterite at a molecular scale (see an example in Fig. 
4.3.1).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.3.1. SEM image of a pseudo-morphic chrysotile fibre, recrystallized following heat treatment; on the 
right, a magnification of the highlighted area showing clearly the recrystallisation, is reported. 
 
Here, (pseudo-morphic) amorphization of the fibres is the mechanism observed at atomic 
scale. A TEM study recently confirmed these observations with amorphization of the 
fibres driven by mobilization of Mg (Vigliaturo, 2015). This mechanism of amorphization 
consists of differential dissolution of the Mg-centered octahedral layer: Hargreaves and 
Taylor (1946) reported that if chrysotile is leached with diluted acid, the magnesia layer 
can be removed and the structure of original chrysotile is amorphous in type.  
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Seshan (1983) reported that through acid attack, chrysotile surface became silica-like and 
Mg is lost from the fibres during amorphization. Wypych et al. (2005) also reported that 
the acid-leached product of chrysotile consisted of layered hydrated disordered silica 
with a distorted structure, resembling the silicate layer existing in the original mineral. 
Similar observations are also reported in Bernstein et al. (2013), Fig. 4.3.2. 
 

 
Fig. 4.3.2. Chrysotile Fiber Disintegration: The magnesium is dissolved at neutral pH and the silica matrix is 
broken up at acid pH (From Bernstein et al. 2013 ). 

 
XRF maps also show that the process of amorphization does not occur via a simple 
contracting dissolution process, with release of ions in the organic suspension, as 
apparently the distribution of iron within and around the fibres does not change from 24 
to 96h treatment. It is then conceivable to postulate that the mechanism of pseudo-
morphic amorphization is the first step of dissolution of chrysotile, taking place in the first 
days/weeks in contact with organic medium. Later, dissolution sensu stricto (physical-
chemical dissolution of the fibres) should occur with a much slower kinetic rate as the 
nature of the reactant (residual Mg-poor and silica rich fibre) is much less cooperative to 
dissolve in acid environment. Although the reaction rate of this second step is much 
slower (the estimated total dissolution time of chrysotile fibres with a diameter of 0.1 µm 
is 239 d; Pollastri et al. 2015, paper 2, pag. 169), evidence of dissolution sensu stricto is 
given by long term and in vivo studies that witness of a limited biodurability of chrysotile 
fibres. 
If the product of pseudo-morphic amorphization is a highly reactive silica rich fibre with a 
surface analogous in nature to that of quartz or cristobalite, the toxic potential of the 
fibre may be even enhanced as, besides the activity of surface iron species, silanol groups 
(Si-OH) and ionized silanol groups (Si-O-) on the surface play a major role in interaction 
with membranes (Fubini et al., 1995). In lung lining fluid or in tissue fluid, these products 
of hemolytic cleavage can give rise to HO• and H2O2 (Donaldson et al., 1998). 
The method of preparation of the samples was carried out to enrich the fibre content 
with respect to the organic matter to perform statistically meaningful electron 
microscopy (reported elsewhere) investigations and XRD experiments. Unfortunately, 
such method has a drawback: it may provoke dissolution of iron-rich organic aggregates 
such as asbestos bodies. But, in any case, our experiments with ct times as long as 96 h 
are in line with the literature data showing that asbestos bodies are rarely observed 
around fibres in contact with cell media for short times. This also apply to the fibres 
species crocidolite and erionite. 
The positions of the XANES pre-edge peak centroids of the samples treated with both cell 
cultures from 24 to 96h ct revealed that most of iron is present as Fe3+ hosted in 
octahedral position, and that its chemical environment does not undergo major 
modifications with respect to untreated samples (Fig. 4.3.3).  
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Considering the already discussed key role of iron in determining the toxicity of mineral 
fibres, its persistence in the structure, and especially at the surface of the reacting fibres, 
may lead to production of highly reactive toxic HO● species during the first step of the 
dissolution reaction observed here. 
Regarding the values of the Lx profile parameter (Table 3.2.18), when in contact with 
bronchial Beas2B culture, peaks broadening due to pseudo-morphic amorphization is 
more intense compared to mesothelial MeT5A. This may indicate that Beas2B cells are 
more aggressive than mesothelial MeT5A cells. Such differences may be related to the 
different physical interaction of the cells with the fibres as bronchial cells display a ciliated 
globular shape with a mean cell diameter of 10 µm whereas mesothelial cells are 
predominantly flattened with a mean diameter of the cell disk of about 25 µm (Mutsaers, 
2004). 
 
Crocidolite UICC 

Crocidolite fibres are apparently stable in the organic cultures (Fig. 3.2.13 and 3.2.14). 
Accordingly, peak broadening from the μ-XRD spectra of the samples treated for 96h ct in 
both cell cultures (Fig. 3.2.16, 3.2.19 and Table 3.2.18) is minor, indicating that 
amorphization, if any, is at a very preliminary stage. Peak intensities show some 
variations that are explained later in terms of structure modification. The very slow 
dissolution rate of crocidolite with respect to chrysotile is well documented in the 
literature (Hesterberg and Hart, 2000; Bernstein et al., 2013). In concert with our results, 
a recent TEM study confirmed our observations as UICC crocidolite in contact with 
bronchial and mesothelial cell cultures that shows slightly amorphized boundaries 
(Vigliaturo, 2015).  
Although Pacella et al. (2014; 2015) reported a highly ordered crystal lattice for both 
crocidolite and tremolite in dissolution experiments using phosphate buffered solution at 
pH = 7.4 after 168 h, their high resolution TEM observations also showed the early 
formation of an amorphous layer which readily enriched in iron and prompted the 
formation of iron-rich nanoparticles. Such result is compatible with the findings of the 
present work, even if the detection of a thin iron-rich amorphous layer or nanoparticles is 
way beyond the resolution of the experiments. 
XRD data point to a limited, if any, structure amorphization; on the other side, they 
witness of intrastructure modifications with cation migration and reorganization. In fact, 
although the analysis of the data collected at ID13 (ESRF) will be crucial to validate the 
proposed model, the results of the cation distribution of crocidolite after 96 h ct in both 
cell cultures (Table 3.2.19), evidence that Na atoms originally in the large interchain site 
labelled Am as well as Mg in the octahedral site M(1) migrate out of the structure. Fe2+ in 
the inner octahedral site also migrates from M(3) site. Pacella et al. (2014) also observed 
that the early dissolution of crocidolite promotes bulk Fe2+ sites to occur on the fibre 
surface. Preferential leaching of Mg and Na was also observed for crocidolite and 
tremolite during dissolution (Pacella et al., 2014; 2015). Shen et al. (2000) also reported 

initial ion exchange (mostly Fe2+
Na+) for crocidolite after 2 h exposure to an iron 

chloride solution. For crocidolite fibres in contact with mice tissues, Gualtieri et al. (2013) 
observed intra-structure diffusion, with iron migrating from site M2 to site M1 although it 
is not possible to assess whether intra-structural iron oxidation occurs for crocidolite in 
contact with organic tissues. The cation mobilization seems to regard Na and possibly Ca 
too, in agreement with the picture drawn by Pascolo et al. (2013) who postulate cation 
mobilization as the first step of interaction of asbestos fibres with tissues. 
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Fig. 4.3.3. Pre-edge parameters of samples plotted in the same variogram of Fig. 4.2.1. Grey fields designate 
pre-edge parameters for the Fe co-ordination and oxidation state. Legend: (■) Pre edge-parameters of 
standard samples of magnetite and maghemite; (▲) Parameters of the untreated samples. 
Grey symbols: Samples treated with BeaS2B (circles 24h ct, triangles 96h ct).  
White symbols: Samples treated with MeT5A (circles 24h ct, triangles 96h ct).  
Diamonds: magnetite-maghemite particles with greek letters indicating the point at which it was made the 
collection, as shown in Fig. 3.2.13 and 3.2.14. 
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From XANES pre-edge peaks parameters (Fig. 4.3.3) iron results slightly oxidized 
compared to the untreated sample, in agreement with the results obtained by Pacella et 
al. (2014) and Pollastri et al. (2015; paper 2, pag. 169). Iron oxidation of crocidolite, 
especially at the fibre surface is one of the key factors explaining the great cytotoxic 
potential of this mineral fibre. In fact, during the Fenton-type reactions, Fe2+ is oxidized by 

H2O2 with a chain reaction H2O2 + HO●  HO2
●/O2

● + H2O; Fe3+ + HO2
●/O2

●  Fe2+ + O2 + 
H+ (family of catalysed Haber-Weiss reactions). The generated HO● is thought to be the 
predominant damaging species in vivo because they are generated by elements such as 
iron often capable of binding to DNA itself allowing HO● production to occur in the 
immediate vicinity of the DNA (Pryor, 1988). 
The iron-rich sub-spherical particles observed in the maps consist of maghemite-
magnetite particles (see for example Fig. 3.2.14, spot α) originally present as impurities in 
the raw fibres. None of the typical ferrihydrite broad bands (Drits et al., 1993) have been 
detected in the powder patterns. 
 
Erionite 

The presence of intense diffraction peaks (Fig. 3.2.17) and the slight variation observed 
in the Lx profile parameter at 96 h ct with respect to the 24 h ct data, (Table 3.2.18) 
confirm that this mineralogical specie hardly dissolves in acidic media (Eborn and Aust, 
1995; Van Oss et al. 1999). The quality of the data does not allow to rule out the presence 
of a minor fraction of amorphous material which could be produced by an early step of 
amorphization (Vigliaturo, 2015). 
After 96h ct, ion exchange and migration of Na atoms is observed (Table 3.2.19). 
Mobility of Na cations has already recently reported for Na-erionite exchanged with Fe 
(Ballirano et al., 2015) and witness of a high mobility of this cation in contact with 
aggressive solutions. Also for erionite, XRD data collected at ID13 (ESRF) will be crucial to 
obtain a clear structure model of erionite in contact with organic tissues. 
Concerning the XANES data, Fe3+ hosted in octahedral position is the prevailing species 
even for erionite, with its chemical environment that does not undergo major 
modifications with respect to untreated samples (Fig. 4.3.3). As iron-rich nanoparticle, it 
may quickly dissolve in contact with the cells, developing an acidic pH, to form low 
nuclearity active Fenton Fe(OH)2+ groups which in turn oxidize via Fenton-type reactions 
prompting massive production of HO●; if these active Fenton groups persist at the zeolite 
surface during its low dissolution, this would explain the high potential cyto-toxicity of 
this mineral fibre. 
In concert with literature data, a comparison of the dissolution mode of the three fibre 
species clearly suggests that chrysotile dissolves much faster that crocidolite and erionite. 
The first step of chrysotile dissolution occurs via a pseudo-morphic amorphization and will 
be later followed by dissolution sensu stricto (physical-chemical dissolution of the fibres). 
Both crocidolite and erionite seem to react  adapting their chemistry to the surrounding 
environment. They both release Na in suspension and crocidolite show a rearrangement 
of the Fe atoms in the octahedral cavities likely prompted by oxidation. The formation of 
a silica-rich fibre skeleton after pseudo-amorphization of chrysotile, characterized by 
silanol groups (Si-OH) and ionized silanol groups (Si-O-), may prompt production of HO• in 
synergy with surface iron species. If this proviso is correct, chrysotile may be much more 
reactive and cytotoxic in vitro in the (very) short term whereas the activity of crocidolite 
and erionite would be much more sluggish but persistent in the long term. In this frame, 
it is not surprising that chrysotile has been considered to be as potent as crocidolite in 
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activating leukocytes in the short term (van Oss et al., 1999). On the same line, MTT assay 
of cells’ viability conducted up to 72 h in contact with mesothelial cells showed that 
chrysotile was more cytotoxic than crocidolite, with the highest percentage of apoptotic 
cells (4%) observed after 72 h of treatment with 10 µg/cm2 of chrysotile (Levresse et al., 
1997). The same authors also found that after crocidolite treatment p53 induction was 
lower than in chrysotile-treated cells and motivated the cytotoxic behaviour to the fibres’ 
ability to induce DNA damage via generation of reactive oxygen species. 
These results are described in the submitted paper Pollastri et al. 2016. 
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4.4 Towards a model explaining the toxicity of mineral fibres 
Considering the huge amount of collected data and the obtained results, what can be 

said about mineral fibres? Surely, that the toxicity of a mineral fibre is determined by a 
multitude of factors, all strongly correlated with each other. In order to simplify, an 
outline of the defense mechanisms adopted by the body (and of the particular 
circumstances in which they are not effective) against mineral fibers deposited in the 
lungs, is reported below: 

 

1.  The first defence mechanism of the body is the filtration of the breathed air in the 
nasopharyngeal region (upper airways passages - nose, nasal cavity and throat, Fig. 
4.4.1). In general, this filter is effective only for particles having an aerodynamic 
diameter >10 µm (the aerodynamic diameter is the diameter of a spherical particle 
that has the same settling velocity as another particle regardless of its shape, size or 
density), while smaller particles are deposited in the tracheobronchial and alveolar 
regions (Boubel et al., 2013). These last are defined as regulated fibres (paragraph 
1.1). This mechanism would be perfect, but mineral fibres are unusual from the 
morphological point of view, having small diameters (usually < 0.5 μm) and a wide 
range of lengths, from few microns up to decimetres (Gualtieri, 2012). Because of 
this, extremely long fibres penetrate and deposit beyond the ciliated airways 
(Donaldson, 2009). 

 

 
Fig. 4.4.1. Anatomy of the respiratory system 

 
 

2.  In the event that the fibres reach the lungs, the second defence mechanism of the 
body is the engulfment, acted by alveolar macrophages, of fibres shorter than their 
mean diameter (<10 µm) followed by an attempt to dissolve the embedded fibre 
within phagolysosomes (which develop an acidic chemical environment (pH = 4–4.5). 
This process take place in parallel to the mobilization of the particle-containing 
macrophages towards airways, where they are transported out from the lungs via 
mucociliary clearance.  
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However, this mechanism does not work or is not effective in the following cases: 

 The fibres longer than 10-15 µm cannot be engulfed by macrophages (Stanton et 
al., 1981; Searl et al., 1999; Donaldson et al., 2010) so frustrated phagocytosis 
accompanied by inflammatory burst occurs with release of highly reactive cyto- 
and geno-toxic substances occurring extracellularly (Fig. 4.4.2). 

 Although physical engulfment is successful, the mechanism permits to dissolve 
only chrysotile but not crocidolite and erionite fibres. So, even though complete 
engulfment of short fibres occurs, such fibres cannot be dissolved, eventually 
promoting inflammatory activity and release of highly reactive cyto- and geno-
toxic substances. 

 The toxic substances can kill the macrophage cells before they can clear the 
engulfed particles, causing the immediate release of internal chemicals (Dodson 
and Hammar, 2011). 

 Regardless of the nature of inhaled fibre, in overload conditions, the ability of 
macrophages to clear fibres from the alveoli is considerably reduced (Dodson and 
Hammar, 2011; Damjanov, 2012). 
 

 

 
 

Fig. 4.4.2. Representation of short fibre complete phagocytosis and long fibre –mediated frustrated 
phagocytosis. Short fibres can be fully engulfed by macrophages whereas long fibres are too long to be fully 
taken up leading to an unclosed membrane and leakage of cell content. (From Schinwald and Donaldson, 
2012). 
 
 

3.   At this point, the only available defence is the formation of asbestos bodies (ABs), 
aimed at isolating the toxic reactive fibre. But, in the situation in which the fibre 
cannot be cleared and before it can be fully isolated by the formation of an AB, its 
persistence inside the alveoli may be a constant source of inflammation, because: 

 The release of factors that promote a potent pro-inflammatory cytokine response 
from adjacent mesothelial cells, due to frustrated phagocytosis (Fig. 4.4.2; 
Schinwald and Donaldson, 2012). 

 The synergy of (i) fibrous-asbestiform crystal habit which triggers off frustrated 
phagocytosis and production of H2O2 and (ii) active iron present at the surface of 
the fibres promotes the formation of highly reactive ROS/RNS species via Fenton 
like chain reaction (Fig.4.4.3) (Kamp and Weitzman, 1999). 
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Fig. 4.4.3. Representation of frustrated phagocytosis and of the Fenton like chain reactions that occur at the 
surface of the fibres (Bursi Gandolfi, 2015 private comm.). 
 

 If the product of pseudomorphic amorphization of chrysotile is an highly reactive 
silica-rich fibre with a surface analogous in nature to that of quartz or cristobalite, 
the toxic potential of the fibre may be even enhanced as, besides the activity of 
surface iron species, silanol groups (Si-OH) and ionized silanol groups (Si-O-) on the 
surface play a major role in interaction with membranes (Fubini et al., 1995). In 
lung lining fluid or in tissue fluid, these products of hemolytic cleavage can give 
rise to HO• and H2O2 (Donaldson et al., 1998). 

 Fibre agglomeration, known to induce the highest biological responses (Gualtieri 
et al. 2012; Sharma et al. 2014), is favoured by the low and negative values of the ζ 
potential (in the range -10 to -26 mV). 

 The sequestration of Ca2+ ions by the negatively charged mineral surface could 
undermine the apoptotic response, crucial to counteract the transforming 
potential of the carcinogenic fibres (Fig. 4.4.4). 

 
Moreover, it should be considered that the coating process with ABs formation requires 
nutrients (namely Fe, P and other elements) to form the hemosiderin and porphyrins rich 
core of ABs. Nevertheless, considering the chemical stability of the fibres (especially 
crocidolite and erionite) in contact with the tissues, the release of active nutrients such as 
Fe is poor and cannot promote massive nucleation and growth of ABs. Hence, the source 
of Fe (but also P and other elements) to form the hemosiderin and porphyrins rich core of 
ABs must be organic, likely provided by cytoplasmic ferritin from phagocytes or from 
ferritin circulating in plasma.  
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Unfortunately, nutrients are physiologically limited in the organism and are likely not 
sufficient to provide coating of all asbestos fibres, especially in overload conditions (Bursi 
et al. 2015). 
 

 
 
Fig. 4.4.4. Hypothetical model of mitochondria–endoplasmic reticulum (ER) cross talk in asbestos induced 
apoptosis. ER stress due to asbestos causes Ca

2+
 release and activation of an unfolded protein response 

(UPR), especially inositol-requiring kinase 1α (IRE-1α), which lead to activation of mitochondria-regulated 
apoptosis. But Ca

2+
 ions can be trapped by the negatively charged mineral surface and the entire 

mechanism could be compromised (image taken from Liu et al. 2013). 
 

A special case concerns the erionite sample: its fibres possess an average size smaller 
than those of the macrophage (3.2 µm; Bursi et al. 2015) and therefore they can be 
completely engulfed, but not dissolved, given the great chemical stability of erionite in 
acidic environment. So, on the basis of the aforementioned mechanisms, the activation of 
the second defense mechanism of the body, namely the isolation of the fibers through 
the formation of ABs, should be observed. 
However, in rats inoculated with erionite fibers, in no case ABs were observed (Bursi et al. 
2015) and this is apparently in contrast with the literature data. In fact, it is known that 
erionite fibres can form bodies morphologically identical to typical ABs (Dumortier et al. 
2001). Moreover, ABs were observed in BALF of villagers of Tuzköy (Turkey) exposed to 
erionite, but is important to note that erionite fibres from Tuzköy are much longer (65.7% 
of the fibres had a diameter greater than 4 µm) than the erionite fibres considered here.  
Hence, ABs do not form probably because the size of the fibres is much shorter than 10 
µm and phagocytosis actually occurs, and since ABs only nucleate on long fibres that 
cannot be engulfed and subject to complete phagocytosis, this second mechanism of 
defence is not necessarily invoked as phagocytosis is apparently successful. 
Unfortunately, we have seen that erionite is stable in acidic environment and then its 
fibres cannot be dissolved. 
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Also chrysotile from Val Malenco turns out to be different with respect to other 
chrysotiles: In fact, there are no literature data about relevant cases of exposure and 
subsequent diseases in the areas of occurrence of this mineral fibre. This could be related 
to the greater length of its fibres resulting in a low release of respirable fibres and/or in a 
release of fibres with a size that can be intercepted in the upper airways of the 
respiratory system. Another contributing cause could be related to the surface area of 
this sample, that is twice the surface area of the other chrysotiles, and could prompt a 
faster partial dissolution rate. 
At the end of this paragraph, we can state that the mechanisms that lead to the onset of 
cancer (mainly lung cancer and pleural / peritoneal mesothelioma) are still unclear. But 
this lack of knowledge is not exclusive of the mineral fibres-related cancers, since 
although the connection between inflammation and cancer is generally accepted 
(Grivennikov et al. 2010; Grivennikov and Karin 2010; Gonda et al. 2009), several 
questions remain; for example, can inflammation cause neoplasia in the absence of an 
exogenous carcinogenic agent? (Mantovani et al. 2008). The exact mechanisms by which 
a wound-healing process turns into cancer are actual topics of intense research (Reuter et 
al. 2010 and references therein); for these reasons, the only thing that can be said is that 
in the case the inflammation lasts for a longer period of time compared to acute 
inflammation (namely chronic inflammation), the host can be predisposed to various 
chronic diseases, including cancer (Lin and Karin, 2007). 
From all these considerations, a list of chemical-physical characteristics that a mineral 
must possess to be considered potentially toxic, can be defined. It is important to 
emphasize the fact that it seems to be the simultaneous presence of several factors in 
determining the toxicity potential of mineral fibers. An excellent example is iron: We have 
seen how the presence of active iron present at the surface of the fibres is a key factor of 
toxicity as it promotes the formation of reactive HO• species by the surface Fenton 
reaction chain (Fig. 4.4.3).  
Nevertheless, iron-containing particles such as hematite (Craighead and Gibbs, 2008) and 
magnetite seems to be not active! The explanation could lie in their crystal habit (lamellar 
for hematite and sub-spherical for magnetite) which promotes full engulfment by 
macrophage (Mitragotri and Champion, 2006) without ROS production. 
So, in order to develop a general model describing the toxicity of mineral fibres, all the 
physical-chemical characteristics relevant to the toxicity could be incorporated into a sort 
of general empirical formula and quantified, in order to gain a final value which is a 
function of the degree of toxicity potential of that mineral (an example is reported in 
Table 4.4.1). This general model of classification (actually in progress) would be very 
useful to predict a priori the toxicity potential of unknown mineral fibre, in order to 
prevent new cases of mass exposure as that of Biancavilla (Italy) for fluoro-edenite 
(Comba et al. 2003)  and TuzcÖy (Turkey) for erionite (Dumortier et al. 2001). 
 
 
 
 
 
 
 
 
 



Discussion 

 

135 
 

Table 4.4.1 
Parameters considered in the model of toxicity. 

Macro-parameter Label Parameter Related toxicity paramet. 

Fibre size  
and morphometric  

1a Aspect ratio/length Frustrated phagocytosis 
and/or inflammatory burst 

1b Inhalation aerodynamic 
diameter 

Airways deposition depth 

1c Asbestiform crystal habit Airways deposition depth 

1d Density of the fibre Airways deposition depth 

1e Hygroscopic vs. hydrophobic 
character 

Airways deposition depth 

Content of iron and 
toxic elements 

2a Normalized Fe content  Production of free radicals 

2b Surface vs. bulk Fe Production of free radicals 

2c Fe
2+

 vs. Fe
3+

 Production of free radicals 

2d Toxic elements other than Fe 
 

Various toxic bio-chemical 
reactions, ROS production 

Biodurability/ 
dissolution 

4a Biodurability  
(fiber dissolution rate) 

Frustrated phagocytosis, 
chronic inflammation 

4b Biodurability  
(rate of iron release) 

Production of free radicals 

4c Production of silica relicts during 
dissolution 

Production of free radicals 

4d Rate of release of active toxic 
elements 

Various toxic bio-chemical 
reactions, ROS production 

Surface charge 5a ζ Potential  
(surface chemical interaction) 

ROS production, toxic bio-
chemical reactions,  
interference with ER cross-talk. 

5b ζ Potential  
(aggregation of fibres) 

Frustrated phagocytosis, 
chronic inflammation 
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5 – CONCLUSIONS 
 

The aim of this thesis was the characterization of the main mineral fibres of social and 
economic-industrial importance starting with a full mineralogical-structural and 
microstructural investigations, in order to explain the nature of the biological interaction 
mechanisms of chrysotile, amphiboles and erionite and compare them so to draw a 
convincing rank of toxicity of mineral fibres. 
The characterization of samples was performed using a combination of several analytical 
techniques, both from conventional and non-conventional sources. The collected data 
allowed to determine the impurities present within the samples and to calculate their 
crystal chemical structure. In addition, special attention was given to the surface 
reactivity of the fibers, measuring the surface area and the ζ potential in various 
chemical-physical conditions. The structural environment of iron has been extensively 
studied as well, through X-ray Absorption and Fe57 Mössbauer spectroscopy. 
The achieved results allowed to determine that: 
 

 The specific surface area of chrysotile is about 3.3 times that of amphibole for short 
fibre samples, and about 4.5 times for long fibre samples whereas erionite has a 
surface area halfway between chrysotile and amphiboles. 
 

 In double distilled water, chrysotiles show positive values of the ζ potential (with the 
exception of chrysotile from Val Malenco), whereas amphiboles and erionite show 
negative values. In contact with organic solutions, all fibres display negative and 
similar values of ζ potential, clearly showing that this parameter cannot be 
considered a discriminating factor when it is measured in conditions that reproduce 
the cell environment. This could impair the apoptotic response, crucial to counteract 
the transforming potential of the carcinogenic fibres, through sequestration of Ca2+ 
ions by the negatively charged mineral surface.  
 

 All investigated fibres possess iron in octahedral cavities, with Fe2+ ions located in the 
innermost structure positions inside the crystal lattice less affected by oxidation. 
Taking into account the much shorter dissolution time of chrysotile with respect to 
amphiboles (although the latter are much more rich in iron) the release of iron could 
be comparable. This finding may indicate that the overall toxicity potential of 
chrysotile is not lower than that of amphiboles, since production of hydroxyl radicals 
requires iron to be available at the surface of the mineral fibre in contact with H2O2 
released in the organic medium, during the persistent inflammatory activity.  
 

 Erionite turns out to be a special case since iron seems to be present as octahedrally 
coordinated Fe3+ likely inside a surface coating of oxide nanoparticles available at the 
surface.  
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 Considering the dissolution rates and the iron content, a proposed ranking of ability 
of asbestos fibres to generate available surface iron-related (pristine bulk iron made 
available at the surface of the fibre during the dissolution process) hydroxyl radicals 

may be: amosite > crocidolite  chrysotile > anthophyllite > tremolite. The ranking 
intentionally does not include erionite, since its toxicity model and the exact location 
of iron should be validated. 
 

 The contact of chrysotile fibres with human cell cultures leads to amorphization, 
interpreted as the first dissolution step, later followed by dissolution sensu stricto. 
Crocidolite shows minor early signs of amorphization whereas erionite seems to be 
the more stable fibre species in contact with the cells. The formation of a silica-rich 
fibre skeleton after pseudo-amorphization of chrysotile may prompt the production 
of HO• in synergy with surface iron species; this could indicate that chrysotile may be 
much more reactive and cytotoxic in vitro in the (very) short term whereas the 
activity of crocidolite and erionite would be much more sluggish but persistent in the 
long term. 

 
Considering the collected data, all the mechanisms that activate when a mineral fibre 
comes in contact with the human body have been schematically summarized.  
In order to develop a general model describing the toxicity of mineral fibres, the 
combination of physical and chemical characteristics should be considered in determining 
the potential toxicity of a fiber (such as size, presence of iron, biodurability). These 
characteristics could be incorporated into a sort of general empirical formula, and 
quantified in order to gain a final value which is a function of the toxicity potential of that 
mineral. This general model would be very useful to predict a priori the toxicity potential 
of unknown mineral fibre, in order to prevent new cases of mass exposure. 
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6 – WORK IN PROGRESS AND FUTURE PERSPECTIVES 
 

In order to understand the mechanisms determining the toxicity of mineral fibres and 
get a comprehensive model, some aspects still need to be clarified. Regarding erionite, it 
will be of fundamental importance to confirm the presence of iron at the surface of the 
fibres. In this regard, the analysis of XRPD data collected at ELETTRA in proximity of the 
absorption K-edge of iron (about 7 keV) and at 10 keV will be crucial; in addition, the data 
must be confirmed by further and detailed TEM analysis. 
Another fundamental piece of the puzzle will be represented by the results of the 
dissolution experiments (currently in progress) of fibres in contact with SLF solutions at 
acidic pH, which can give a figure (for the first time systematically) about the dissolution 
rates of amphiboles, chrysotile and erionite, in conjunction with SEM and XRPD analysis 
of the treated material at different times, in order to evaluate which elements are 
released in relation to the contact time and to confirm definitively the amorphization of 
chrysotile as a first step of its dissolution. 
These data must be then compared with the XRD data collected at ID13 on fibres 
extracted from rat tissues, in order to understand the reliability of the dissolution 
experiments and to identify (and of course justify) any possible differences that exist 
between in vivo and in vitro experiments. In fact, prudence must be taken in extrapolating 
results based on instillation in experimental animals to human inhalation because, 
similarly to inhalation induced studies (Bernstein et al. 2013), the fibre burdens due to 
injection process in the intrapleural/intraperitoneal space of the rats may be excessive or 
unreliable if compared to both nasal inhalation in the rats and human inhalation as no 
fibre sorting through the upper respiratory tracts occurs. Moreover, there may be a fibre 
aggregation effect during instillation to form sort of fibre bundles that would be very 
unlikely to reach the intrapleural/intraperitoneal space, where normal inhalation takes 
place. 
Regarding the chrysotile issue, it will be useful to fully characterize chrysotile fibres within 
human lungs, in order to verify the crystallinity of the fibres in real exposure conditions 
and to correlate the results to those obtained from dissolution experiments and from 
fibres extracted from rat tissues. 
Once completed the collection and interpretation of all data, it will be necessary to try to 
summarize the characteristics relevant to the toxicity of a mineral fibre, in order to define  
a general toxicity model. The obtained model should be tested on unknown mineral fibres 
from the toxicological point of view. Potential candidates for this test could be zeolitic 
minerals such as mordenite and ferrierite (which are rather common in many different 
rock types) since their crystal habit can be fibrous and they can be classified as regulated; 
in addition, iron can be present at their surface in the form of impurity or in the crystal 
lattice. 
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For  the first  time,  zeta  potential  of  mineral  fibres  was  systematically  investigated.
A  revised  model  explaining  the  zeta  potential  of chrysotile,  amphiboles  and erionite  was  postulated.
In contact  with  organic  solutions,  all  fibres  tend  to  assume  negative  values  of  zeta  potential.
The  decrease  of  the  zeta  potential  of the fibres  is a defensive  chemical  macrophage  response.
The  negative  zeta  potential  at the  fibre  surface  prompts  the  formation  of  carcinogenic  free  radicals.
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a  b  s  t  r  a  c  t

For  the  first  time,  the  zeta  (�)  potential  of  pathogenic  mineral  fibres  (chrysotiles,  amphiboles  and  eri-
onite)  was  systematically  investigated  to shed  light  on the relationship  between  surface  reactivity  and
fibre  pathogenicity.  A  general  model  explaining  the  zeta  potential  of  chrysotile,  amphiboles  and  erionite
has  been  postulated.  In double  distilled  water,  chrysotiles  showed  positive  values  while  crocidolite  and
erionite  showed  negative  values.  In contact  with  organic  solutions,  all fibres  exhibited  negative  values
of  zeta  potential.  The  decrease  of the surface  potential  is deemed  to be  a  defensive  chemical  response
of  the  macrophage  cells  to  minimize  hemolytic  damage.  Negatively  charged  surfaces  favour  the  bind-
ing  of  collagen  and redox  activated  Fe-rich  proteins,  to form  the  so-called  asbestos  bodies  and  prompt

• − • −

eta potential
ET
athogenicity

the  formation  of  HO via  the  reaction  with  peroxide  (H2O2 +  e →  HO + HO ). An  additional  mechanism
accounting  for higher  carcinogenicity  is possibly  related  to the  Ca2+ sequestration  by  the  fibres  with  sur-
face  negative  potential,  impairing  the  mitochondrial  apoptotic  pathway.  It was  also  found  that  with  a
negative  zeta  potential,  the  attractive  forces  prevailed  over  repulsions  and  favoured  processes  such  as
agglomeration  responsible  of a tumorigenic  chronic  inflammation.

© 2014  Published  by  Elsevier  B.V.
. Introduction

Mineral fibres are ubiquitous on Earth. Among them, the most
elevant are asbestos fibres (chrysotile and amphiboles) and the
eolite erionite [1]. Chrysotile is a trioctahedral hydrous layer
ilicate with a curved lattice [2–6]. Amphibole family includes
ctinolite, tremolite, crocidolite (fibrous variety of riebeckite),

mosite (fibrous variety of grunerite) and anthophyllite. Amphi-
oles are double-chain silicates with oxygen atoms of the chains
oordinated to both (Si, Al) and other cation sites [7]. Erionite is a

∗ Corresponding author. Tel.: +39 059 2055810; fax: +39 059 2055887.
E-mail address: alessandro.gualtieri@unimore.it (A.F. Gualtieri).

ttp://dx.doi.org/10.1016/j.jhazmat.2014.05.060
304-3894/© 2014 Published by Elsevier B.V.
common natural fibrous zeolite [8] whose framework is composed
of columns of cancrinite cages [9–13] connected by a double
six-membered ring of tetrahedra (hexagonal prism).

Although these mineral fibres may  induce lethal lung diseases
if inhaled [14–20], there is still considerable debate in the scien-
tific community to whether chrysotile asbestos is a mesothelial
carcinogen to humans [20–22]. As a matter of fact, all amphi-
bole asbestos minerals are banned worldwide whereas chrysotile
is banned only in the countries adopting the line of the Interna-
tional Agency for Research on Cancer (IARC) of the World Health

Organization and the National Toxicology Program, which includes
chrysotile in Group 1 “substance carcinogenic to humans” [23–29].
Surprisingly erionite, a human carcinogen listed by the IARC as a
Group 1 Carcinogen, has not been banned to date [30].

dx.doi.org/10.1016/j.jhazmat.2014.05.060
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Table 1
Nature and details of the investigated mineral fibres.

Sample Ideal chemical formula Provenance Notes

Chrysotile Mg3(OH)4Si2O5 Quebec (Canada)a UICC standard Chrysotile “B” Canadian NB #4173-111-1
Chrysotile Mg3(OH)4Si2O5 Val Malenco, Sondrio (Italy)
Chrysotile Mg3(OH)4Si2O5 Balangero, Turin (Italy)
Crocidolite Na2(Fe2+,Mg)3Fe2

3+Si8O22(OH)2 Koegas Mine, Northern Cape (South Africa) UICC standard Crocidolite South African NB #4173-111-3
Amosite (Fe2+,Mg)7Si8O22(OH)2 Penge mine, Northern Province (South Africa)
Tremolite Ca2Mg5Si8O22(OH)2 Val d’Ala, Turin (Italy)
Anthophyllite (Mg, Fe2+)7Si8O22(OH)2 Paakkila mine, Paakkila (Finland) UICC standard Anthophylite Finnish NB #4173-111-5
Erionite (Ca,K ,Na ) (Al Si O )·15H O Jersey, NE (USA)
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a Mixture of fibre from the firms Bells, Carey, Cassair, Flintkote, Johns-Manville, L
sbestos products at that time.

A number of physiochemical properties such as fibre size, sur-
ace charge and activity, ability to generate reactive oxygen species,
iodurability (for definition, a biodurable fibre is poorly cleared by

ung macrophages, do not readily dissolve in the fluids lining the
ungs, and can therefore persist in the lungs for decades), and iron
ontent are deemed to be play a role in inducing asbestos correlated
ung diseases, specifically mesothelioma [2,20,31–44]. As the phys-
cal and structural properties of fibres are primary determinants of
iological effects [45,46], it is surprising that zeta potential (�) has
ot been thoroughly investigated to date.

Stern [47] developed a model called “electrical double layer” or
ouy–Chapman–Stern model. According to it, the double layer is
omposed of two coronas: the first one, called Stern layer (with a
tern potential), is fixed to a very short distance from the surface
f the solid (the particle itself with a surface potential); the sec-
nd one is widespread, penetrating to a certain extent in the liquid
hase. Within this diffused layer, there is a theoretical boundary
here ions and particles form a stable entity. The potential that

xists at this boundary is known as zeta potential. A high absolute
negative or positive) value of zeta potential gives greater stabil-
ty to the colloidal systems, because electrostatic repulsions which
revent the aggregation of dispersed particles are originated. When
he absolute value of the potential is low, coagulation and floccula-
ion are favoured. Generally, the line of separation between stable
nd unstable suspensions is taken from −30 mV  to +30 mV.  The zeta
otential can be determined from electrosmotic velocity [48]:

 = − �eo�

Eε0ε

here �eo is the electrosmotic velocity, � is the viscosity of the
edium, E is the applied electric field strength, ε0 is the permittivity

f vacuum, ε is the dielectric constant of the medium, assuming
hat ε and � have the same values in the double layer as in the bulk
olution.

In distilled water, zeta potential of amphiboles is negative
hile chrysotile shows positive values [46,49–51]. Zeta poten-

ial of asbestos fibres have been calculated using the mobility
lectrophoresis [46,48]. The reported values for the standard
ICC (Union for International Cancer Control) asbestos at pH 7.4
re +40.5 and +52.5 mV for chrysotile, −50.5 mV  for crocidolite,
58.5 mV for amosite, and −54.0 mV for anthophyllite. It is interest-

ng to note that the addition of an organic component to mimic the
xtracellular surface of lung tissue determines a significant reduc-
ion in the absolute value of zeta potential as a function of pH.
n other studies about the surface chemistry of amosite asbestos,

 value of about −50 mV  at pH 7.5 was reported [49] whereas a
alue of −22 mV  was reported for chrysotile at pH 7 in distilled

ater [50]. In Ref. [52], at pH 7 in distilled water, chrysotile zeta
otential was found to be +39 mV,  whereas the amphiboles croci-
olite, amosite and anthophyllite zeta potential were −50, −51 and
44 mV,  respectively.
ormandie and National, proportioned roughly to represent Canadian production of

To elucidate the relationship between surface reactivity and
potential toxicity of mineral fibres, the zeta potential of eight
selected species, relevant for industrial applications and health
issues, was  systematically investigated in this work for the first
time.

2. Experimental procedure

The investigated mineral fibres are reported in Table 1. Consid-
ering that (i) regulated fibres are by definition those with a length
>5 �m,  diameter <3 �m,  and with an aspect ratio (length to diam-
eter) of >3; (ii) differences in toxic potential may exist between
short and long fibres, two distinct dimensional classes for each
sample were obtained by gravitational separation experiments. All
samples were preliminary disaggregated in distilled water, using a
common mechanical shredder. Successively, the suspension was
further mildly ground in agate mortar. The product of the pre-
liminary coarse disaggregation was diluted in distilled water and
the resulting suspension was subjected to ultrasonic treatment for
15 min. Wet  gravitational separations were conducted using an
Appiani cylinder [53], by introducing the homogeneous suspension
into the cylinder, vigorously stirring it for 5 min  and letting the sus-
pended fibres to settle at the bottom of the cylinder. According to
the Stokes’ law [54], the settling velocity depends upon the density,
size, and shape of the suspended particles so that coarse particles
settle faster that fine particles. Following a number of experimental
tests, the settling time was set to 3 h. At the end of each experi-
mental run, both the sediment and the suspension were collected,
placed in separate beakers, and dried at 100 ◦C for 2 h.

The two products of the gravitational wet separation experi-
ments were characterized by scanning electron microscopy (SEM)
to determine the average class particle size. The combined
SEM/EDS study was  conducted using a Philips XL-40/604 instru-
ment equipped with an energy dispersive X-rays fluorescence
spectrometer (EDS). For the observations, a tiny amount of sample
was loaded on an aluminium stub and coated with a 10 nm thick
gold layer. The statistical analysis aimed at determining the average
fibre size of each sample was conducted using the ImageJ software
(version 1.42q, Wayne Rasband National Institute of Health, USA).

Quantitative chemical compositions of all sample fibres were
determined by Electron Microprobe analysis (EPMA) using a JEOL
8200 Super Probe instrument with W hairpin type filament, min-
imum accelerating voltage of 30 kV. The content of the structure
volatiles (basically water) was independently determined by ther-
mogravimetric (TG) analysis using a Netzsch STA 449C Jupiter in the
temperature range 20–1000 ◦C and a heating rate of 10 ◦C min−1.

The BET specific surface area was  determined using a Gemini
V instrument (Micromeritics) and nitrogen as probe gas. About
500 mg  of sample was mounted in the sample holder and condi-

tioned at 50 ◦C prior to measurement. The precise weight of the
sample was consequently determined using an analytical balance.

The zeta potential of the fibres belonging to the two  size classes
was determined both in distilled water and in organic Gamble’s



S. Pollastri et al. / Journal of Hazardous Materials 276 (2014) 469–479 471

Table  2
The composition of the Gamble’s solution. Liquid compositions starting from 250 ml
of  double-distilled water. 40% (15 ml)  of formaldehyde was added to prevent growth
of  algae.

Reagent Quantity used (mg)

NaHCO3 0.7
NaCl 1.6
CaCl2·2H2O 64.0
Na2HPO4 37.0
Na2SO4 20.0
MgCl2·6H2O 53.0
C2H5NO2 (glycine) 29.5
Na3 citrate·2H2O 38.3
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inverse relationship between size and surface area of mineral fibres.
The specific surface area of chrysotile is about 3.3 times that of
amphibole for short fibre samples, and about 4.5 times for long

T
C
s

T

Na3 tartrate·2H2O 45.0
Na pyruvate 43.0
Na lactate (60%, w/w) 72.5

odified solution [55], the latter reproducing the body environ-
ent. The reagents used and their quantities are shown in Table 2.
ith respect to the original formula, 250 ml  of double-distilled
ater solution were used and no HCl was added. The pH of the

btained solution was monitored using a Criston Series 2000 instru-
ent. A few drops of NaOH were also added to obtain a neutral

H. A starting solution having pH 7 was chosen to reproduce the
xtra-cellular environment. Subsequently, a part of the solution
as adjusted to pH 4.5 using diluted HCl, to replicate the chem-

cal environment of the macrophage cells. Hence, for all the fibres,
easurements were conducted at pH 4.5 and 7. For selected sam-

les, measurements in the pH range 3–10 were conducted. The pH
odifications in these cases were done using dilute HCl and NH4OH

olutions.
Zeta potential measurements were carried out using a Zetasizer

ano Series instrument (Malvern). Sample fibres were added to
he solute in a weight percentage of 0.1%. In addition to variations
f the pH values, measurements were also conducted at different
emperatures (25 ◦C and 37 ◦C, the latter being the physiological
emperature of human body). An instrumental standard error is
ssociated to each measurement of the zeta potential. Such error is
lso reported (in parenthesis) in all the tables. Despite of it, tripli-
ate measurements were conducted for many samples to check for
he reproducibility of the result.

. Results and discussion

Chemical formula, specific surface area and length of the inves-
igated mineral fibres are reported in Table 3. Spot electron
icroprobe WDS  analyses were performed on accurately selected
bres and should be highly reliable.

For each mineral species, Fig. 1 reports the average length of the
wo classes of long and short fibres. Gravitational separations gave

able 3
hemical formula determined using electron microprobe and thermogravimetric (TG) an
urface  area (BET analysis) and average length (SEM analysis) of investigated fibres.

Sample Calculated chemical formula*

Chrysotile UICC (Mg5.93Fe2+
0.11Al0.02Fe3+

0.01)6.07Si4.03O10(OH)7.66

Chr  Balangero (Mg5.81Fe2+
0.21Al0.27Fe3+

0.03Cr0.01)6.33Si3.97O10(OH)7.11

Chr  Val Malenco (Mg5.85Fe2+
0.11Al0.02Ni0.01)5.99Si4.01O10(OH)7.86

Amosite (Ca0.02Na0.01)(Fe2+
5.36Mg1.48Fe3+

0.11Mn0.06)7.01(Si7.93Al0.01)7.94O21.94(O
Anthophyllite Ca0.04(Mg5.81Fe2+

0.92Fe3+
0.21Mn0.04)6.98(Si7.83Al0.02)7.85O21.63(OH)2.37

Crocidolite (Na1.96Ca0.03K0.01)2(Fe2+
2.34Fe3+

2.05Mg0.52)4.91(Si7.84Al0.02)7.86O21.36(OH
Tremolite (Ca1.91Na0.06K0.01)1.98(Mg4.71Fe2+

0.22Fe3+
0.08Mn0.02)5.03(Si8.01Al0.02)8.03

Erionite (Na5.31K2.18Ca0.15Mg0.11Fe3+
0.29)8.04(Si27.84Al7.85)35.69O72·20.3H2O 

he parenthesis reports the standard error on the measurements.
* The Fe3+ concentration was independently calculated using the Droop method using 

a Calculated from geometrical measurements.
Fig. 1. Fibres’ length of the two size classes obtained from the gravitational separa-
tions. Legend: dark columns, short fibres; gray columns, long fibres.

positive results, allowing the achievement of a short fibre class with
length generally <20 �m and a long fibre class with length generally
>15 �m.

Specific surface area measurements confirm the expected
Fig. 2. Specific surface area of the two size classes obtained from the gravitational
separations. Legend: dark columns, short fibres; clear columns, long fibres.

alysis. TG allowed the determination of the water content. Table reports also the

Short fibres sample Long fibres sample

Surface area
(m2/g)

Fibre length
(�m)

Surface area
(m2/g)

Fibre length
(�m)

42 (1) 5 (2) 29 (1) 99 (5)
43 (2) 6 (1) 24.8 (9) 65 (3)
68 (9)a 10 (5) 45 (2) 160 (9)

H)2.06 9.5 (3) 7 (2) 3.9 (1) 125 (9)
14.4 (5) 17 (2) 4.4 (2) 95 (9)

)2.64 16.1 (6) 6 (1) 11.5 (4) 30 (3)
O22.14(OH)1.86 9.2 (3) 11 (1) 0.66 (2) 78 (1)

28 (1) 9 (1) 12.7 (5) 16 (1)

stoichiometric criteria.
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ig. 3. SEM gallery of mineral fibres with selected examples of the two  size classe
hrysotile short vs. long.

bre samples while erionite has a surface area halfway between
hrysotile and amphiboles (about half of chrysotile surface area
nd about twice that of amphibole: see Fig. 2). A larger surface
rea determines a higher reactivity of the mineral fibres in solu-
ion. Besides the intrinsic chemical stability of each mineral fibre

ype, chrysotile fibres will dissolve more readily in acidic environ-

ent, like the one found in lung tissue, because of their large surface
rea. Among the chrysotile species, the less biodurable fibre is likely

able 4
eta potentials of the mineral fibres in suspensions in double distilled water (concentrati

(a)

pH (±0.2) 3.0 4.0 5.0 6.0 6.5 

Chrysotile UICC Long – +26 (2)a +19 (2) +10 (3) – 

Crocidolite Short −16 (3) −31 (5) −34 (5) −38 (6) −34 (4) 

Erionite Short −21 (4) −25 (5) −26 (5) −31 (5) – 

(b)

pH (±0.2) 3.0 4.0 4.5 5.0 6.0 

Chrysotile UICC Long – +29 (3) – +28 (3) +17 (
Crocidolite Short −16 (4) −26 (4) −32 (4) −36 (4) 

Erionite Short −26 (6) −34 (6) – −38 (7) −40 (

a All zeta potentials are expressed in mV.
nd b) amosite short vs. long; (c and d) erionite short vs. long; (e and f) Balangero

chrysotile from Val Malenco (see Table 3). Among the amphibole
fibres, tremolite and amosite are the most biodurable. Because of
the dissolution process, a higher concentration of cations (Mg2+ in
the case of chrysotile) will be released and a zeta potential estab-
lishes around the outside of the Stern’s layer.
Fig. 3 reports a representative gallery of high-resolution SEM
images of long and short fibres evidencing a clear difference in
terms of fibre length between the two size classes.

on 0.1 wt%): (a) 37 ◦C; (b) 25 ◦C.

7.0 7.5 8.0 8.5 9.0 10.0 10.5

+12 (2) – +8 (3) – +4 (2) −7 (4) –
−36 (5) −37 (4) −39 (7) −37 (4) −37 (5) −39 (5) −42 (5)
−33 (6) – −35 (7) – −35 (8) −37 (5) –

6.5 7.0 8.0 9.0 10.0 10.5

3) – +10 (3) +7 (4) +8 (5) −10 (4) –
– −38 (5) −40 (5) −43 (7) −43 (6) −45 (6) −48 (6)

7) – −40 (7) −42 (7) −41 (6) −47 (7) −48 (6)
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Table  5
Zeta potentials of the investigated mineral fibres in contact with the Gamble’s solu-
tion  (concentration 0.1 wt%) at 25 ◦C.

pH (±0.2) 4.0 4.5 5.0

Chrysotile UICC
La −8 (4)b – –
Sa – – –

Crocidolite
L  – – –
S  – −26 (5) –

Anthophyllite
L  – −15 (5) –
S  – −20 (4) –

Erionite
L  – – –
S  – −33 (5) −36 (9)
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a L = long; S = short.
b All zeta potentials are expressed in mV.

All collected zeta potentials (with standard error in the paren-
hesis) are listed in Tables 4–6; measures were primarily addressed
o the collection of the zeta potentials of all mineral fibres in
ontact with the organic solution at pH 4.5 and 7 but several
dditional measures were performed to better understand the
ariation of zeta potential as a function of physical and chemical
arameters.

Measurements carried out in double distilled water (Table 4)
onfirm literature data, according to which chrysotiles show pos-
tive values of the zeta potential, while crocidolite show negative
alues. The calculated values match those reported in [56] albeit
he value of our Quebec chrysotile is less positive (+12 mV vs. +35.2
nd +46.3 mV). Surprisingly, negative values of the zeta potential
or chrysotiles from Globe and Salt River (Arizona) and Shabani
Zimbabwe) have also been reported in [56].

Bonneau et al. [51,57–61] explained the differences in surface
otential of chrysotile and amphibole in aqueous medium at neu-
ral pH but the proposed model is not convincing and required a
ubstantial revision. We  advanced that in chrysotile, surface expo-
ure occurs because of the breaking of hydrogen bridges linking
wo successive tetrahedral–octahedral (TO) units in the interlayer
olume. Two surfaces are exposed: an unsaturated one formed
y oxygen atom (dangling) and a negative one saturated by pro-
ons. The negatively charged surface is surrounded by protons but
hey are not sufficient to counterbalance the charge, for which the
iffused corona (that determines the value of the zeta potential)
onsists of positively charged ions attracted by the negative residue
otential. These ions can be protons, hydrated cations, H3O+, Mg2+

58–60] or Na+, K+ and Ca2+ as compensator cations in chrysotile
tructure (Fig. 4a) [62–64]. This model and the value of the zeta
otential at pH 7 are in line with those reported for kaolinite, whose
egatively charged basal faces throughout the whole pH range
equire compensation by positive cations, whereas edges result to
e a combination of the potential on the silica and alumina surfaces
65,66].

In amphiboles, exposure occurs along the planes of the (1 1 0)
aces. The presence of extra-tetrahedral cations such as Ca2+, Fe2+,
e3+, Mg2+ and protons determine a positive charge of the Stern
ayer, and a resulting attraction of negatively charged molecules
o form the diffused corona. Consequently, the zeta potential will
ave negative values (Fig. 4b). A similar picture is found in zeolites
uch as erionite [67]. As previously mentioned, pH variations and
ubsequent partial dissolution of the fibres (whose rate is faster

or chrysotile with respect to erionite and amphiboles [68,69])
nduce a variation of the zeta potential which tends to become

ore negative at high pH values. For chrysotile, in the low pH
ange, the dissolution reaction of the magnesium hydroxide sheet,
 Materials 276 (2014) 469–479 473

which leaves a hydrated silica relict [69,70], brings about an excess
magnesium concentration at the surface of the fibre and an over-
all positive zeta potential [46,71,72]. According to Feng et al. [73],
magnesium ions are simply left on serpentine surface and are
responsible for its positive surface charge. In the high pH range,
chrysotile is stable and hydroxyls at the surface of the fibre deter-
mine an overall negative zeta potential of the particle. Another
possibility is that the reversal from positive to negative sign of
the zeta potential is due to the electrolytes introduced in solution
which replace the protons at the Stern layer and call for negative
zeta potential.

The zeta potentials of both crocidolite and erionite become more
negative in the high pH range. Electrolytes (Na+) introduced in solu-
tion to create alkaline conditions, replace surface protons at the
crystal edges and, together with Ca2+, Fe2+, Fe3+, Mg2+, enhance the
positive charge of the Stern layer, which in turn call for an even
more negative zeta potential.

Fig. 5 reports the variation of the zeta potential in double dis-
tilled water at 25 ◦C, 37 ◦C and in Gamble’s solution at 37 ◦C for
UICC chrysotile, UICC crocidolite and erionite. In contact with the
organic solution, all fibres show negative values of zeta potential
(see Tables 4–6).

Fig. 6 reports the variation of the zeta potential in Gamble’s solu-
tion at 37 ◦C for chrysotiles, amphiboles and erionite. Despite the
differences observed for the samples in contact with distilled water,
when in contact with the organic solution, all the mineral fibres
tend to gain negative and similar values of the zeta potential. The
difference of the zeta potential in distilled water of chrysotile (pos-
itive) on one side and amphiboles and erionite (negative) on the
other side has been hypothetically assumed as distinctive charac-
ter to discriminate the potential cytotoxicity [19–22] of these fibres
(low or null in chrysotile and high in amphiboles and erionite). Our
work demonstrates instead that the zeta potential is not a discrim-
inating factor when it is measured in contact with the Gamble’s
solution, a condition mimicking fibres immersed in the interstitial,
i.e. extracellular environment. All the zeta potentials are reduced
(i.e., they assume lower absolute values) in the Gamble’s solution
with respect to the distilled water.

In the Gamble’s solution, zeta potential turns from positive to
negative for chrysotile whereas it becomes less negative for both
crocidolite and erionite. The high concentration of Na+ present in
the Gamble’s solution triggers ion exchange for the surface protons
of the chrysotile exposed surfaces so that the Stern layer becomes
positive and requires surrounding negative charges. For crocidolite
and erionite, the high concentration of Na+ possibly triggers ion
exchange not only for the surface protons but also for the edge
extratetrahedral cations with large oxidation number such as Ca2+,
Mg2+. The ion exchange decreases the positive charge of the Stern
layer which requires a less negative zeta potential. The reduction
of the absolute values of zeta potentials has already been observed
in the literature for chrysotile and crocidolite in the presence of the
surfactant dipalmitoyl phosphatidylcholine (DPPC) [46].

The zeta potential of the fibres displayed at pH 4.5 and 7.0 is
invariably negative, with values approximately in the range −10
to −26 mV.  As already reported, there are no remarkable differ-
ences among the various fibre families (chrysotiles, amphiboles and
erionite). The lack of differences among the various fibre species
is probably the reason why Van Oss et al. [56] reported that the
value and sign of zeta potential is irrelevant to the degree of their
pathogenicity. This work instead demonstrates that the zeta poten-
tial of mineral fibre may  influence or may  be influenced by several
bio-chemical and physical parameters:
(1) Hemolytic potential. Light and Wey  [46] observed that
when DPPC was  added to the fibre suspension, hemolytic activ-
ity decreased for all UICC fibre standards (by 87% for amosite and
crocidolite and 25% for chrysotiles) and that in general, a decrease
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Table 6
Zeta potentials of the mineral fibres in suspensions in Gamble’s solution (concentration 0.1 wt%) at 37 ◦C.

pH (±0.2) 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0

Chrysotile UICC
La – +4 (2)b – −4 (3) −8 (3) – – −8 (3) – −8 (3) – −13 (2) – – – −18 (5) – −21 (5)
Sa – −9 (6) −12 (3) −16 (3) −14 (5) −20 (2) −19 (4) – −18 (2) −16 (5) −22 (4) −20 (5) – – −20 (3) −20 (4) – –

Chrysotile Balangero
L – +1 (5) −12 (5) −18 (5) −23 (4) −19 (5) −25 (4) – −16 (2) −19 (2) −17 (4) −17 (2) – −15 (2) – −16 (3) −22 (3) –
S  – – – – −27 (3) – −13 (9) – – −27 (3) – – – – – – – –

Chrysotile Val Malenco
L  – – – – −26 (4) – −21 (6) – – −27 (7) – – – – – – – –
S  – – – – −27 (2) – −27 (3) – – −23 (2) – – – – – – – –

Crocidolite
L  – – −20 (4) – −23 (5) – – −22 (4) – −20 (6) – – – – – – – –
S  – −21 (4) −23 (4) −28 (4) −21 (4) −29 (5) −28 (4) – – −24 (4) −31 (4) −21 (4) −30 (3) −17 (5) −19 (4) – –

Amosite
L  – – – – −13 (3) – −23 (8) – – −24 (5) – – – – – – – –
S  – −16 (4) – −19 (4) −21 (4) −20 (5) – – −21 (4) −21 (4) −25 (3) −21 (7) −14 (7) −15 (6) – −18 (5) – –

Tremolite
L  – – – – −15 (5) – −17 (4) – – −17 (5) – – – – – – – –
S  – – – – −17 (4) – −19 (5) – – −20 (5) – – – – – – – –

Anthophyllite
L  – – – −6 (8) −5 (3) – – – – −15 (3) – – – – – – – –
S  – – – – −15 (6) – – – – −17 (4) – – – – – – – –

Erionite
L  – – – – −25 (4) – – −23 (5) – −20 (6) – – – – – – – –
S  −11 (5) −16 (6) −23 (5) −20 (5) −26 (6) −27 (5) −27 (6) −31 (6) −28 (6) −29 (6) −26 (5) −25 (5) – −18 (6) −14 (4) −16 (4) – –

a L = long; S = short.
b All zeta potentials are expressed in mV.
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Fig. 4. Structural models which explain the sign of 

f the absolute value of the zeta potential decreases the hemolytic
ctivity. The decrease of the zeta potential of the fibres is an effect
f the defensive response acted by the macrophage cells to min-
mize hemolytic damage. A reduction of the magnitude of the
eta potential of the fibres should correspond to a decrease of the
emolytic activity. According to [46,74], the mechanism for hemol-
sis induced by the fibres relies on the formation of lipid-bilayer
lusters, normally extending homogeneously through the entire
ipid bilayer. Clustering occurs because of the coulombic repulsion
f negatively charged sialic acid groups with negatively charged
bres. Although ion permeability through lipid bilayers is very

ow, ions can readily penetrate those regions of the erythrocyte
embrane, where the clusters of glycoproteins are formed, causing

emolytic activity. In support of this model, it was  demonstrated
hat zeta potential of insoluble nanoparticles has been correlated
ith hemolytic potential [75]. In this scenario, when nanoparticles

nter the acidic lysosome milieu, enzymatic digestion of the corona
y lysosomal enzymes [76] occurs and may  cause the reversal of
egative zeta potential. Thus, the positively charged nanoparti-
les may  interact with the negatively charged internal face of the
ysosomal membrane (lysosomal destabilization) and trigger and
nflammation cascade in the lung (acute lung inflammogenicity)
77]. As far as chrysotile and Mg-amphiboles are concerned, fol-
owing the behaviour of MgO-nanoparticles [75] no inflammation

s expected by the release of non-toxic Mg2+.

(2) ROS production.  It is well documented that iron associated
ith asbestos promotes the formation of the highly reactive HO•

rom the oxidation of ferrous iron (Fe2+) to ferric iron (Fe3+) by
ta potentials of chrysotiles (a) and amphiboles (b).

H2O2 released by the macrophages during the inflammatory burst
(Fenton reaction) [78]. Superoxide and other biological reducing
agents can eventually reduce Fe3+ iron back to redox active Fe2+

iron (family of catalyzed Haber–Weiss reactions). The existence
of a negatively charged surface (negative zeta potential), source
of electrons, on the fibres prompt the formation of HO• via the
reaction with peroxide: H2O2 + e− → HO• + OH−. The mechanism is
identical to that described for freshly cut quartz surfaces in bio-
logical medium [79] where silanol groups (Si OH) and ionized
silanol groups (Si O ) on the surface play a major role in interac-
tion with membranes [80,81]. In lung lining fluid or in tissue fluid,
these products of hemolytic cleavage can give rise to HO• and H2O2
[79,82].

(3) Fibre encapsulation by collagen and iron-rich proteins. In
support of the proviso that the decrease of the zeta potential of
the fibres is caused by the defensive chemical cellular response
during macrophage phagocytosis, literature data report that the
negatively charged reactive surface favours the binding of collagen
and redox activated Fe-rich proteins, to form the so-called asbestos
bodies. In fact, alveolar macrophage ingestion of asbestos fibres
triggers a fibrogenic response from fibroblasts via the release of
growth factors (mainly TGF-�), cytokines, TNF-�, interleukin-1�
(IL-1�), which collectively promote collagen deposition and
asbestos encapsulation by mucopolysaccharides and Fe-rich

proteins (ferritin, hemosiderin) that can be redox activated [83].

(4) Apoptosis. According to the model of mitochondria-
endoplasmic reticulum cross talk in asbestos-induced apoptosis
[83], endoplasmic reticulum stress due to the fibre interaction
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Fig. 5. Variations of the zeta potential values as a function of pH in different
chemical–physical conditions on representative samples (chrysotile UICC, croci-
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Fig. 6. Variations of the zeta potential values as a function of pH in Gamble solution
◦
olite and erionite). Legend: (�) Light and Wei  [47] (25 ◦C distilled water); (�)

7 ◦C double distilled water; (�) 25 ◦C double distilled water; (�) 37 ◦C Gamble
olution.

auses activation of an unfolded protein response and Ca2+ release
hich, in turn, lead to activation of mitochondria-regulated apo-
tosis. Because the Ca2+ release to the mitochondria is necessary
or the induction of intrinsic apoptosis, the whole cellular response
ycle may  be broken if the negatively charged corona of the mineral
bres attract and fix the Ca2+ ions. Besides the interference with the
poptotic process, fixation of divalent calcium atoms in the Stern
ayer or in the outer corona can alter the value and sign of the zeta
otential of the fibres.

(5) Fibre agglomeration.  We  have seen that zeta potential of the

bres at pH 4.5 and 7.0 display values in the range −10 to −26 mV,
ith no remarkable differences among the various fibre species.
t such values of zeta potential, processes such as agglomeration
re favoured. This is a critical point as it is known that culture
at  37 C on representative samples of chrysotiles, amphiboles and erionite. Legend:
(�)  chrysotile UICC long; (�) chrysotile Balangero long; (�) chrysotile UICC short;
(�)  amosite short; (�) crocidolite short; (�) erionite short.

conditions with most agglomeration induce highest biological
responses [84,85].

(6) Fibre size. Measurements carried out in Gamble’s solution at
37 ◦C show a slight general trend of long fibres (with smaller surface
area) having values of zeta potential with more positive sign and
lower values than short fibres (see Fig. 7 and Table 4). This may
be due to higher surface reactivity of the short fibres, prompting
partial dissolution and release of cations which gather around the
surface and increase the positive charge of the Stern layer. The latter
calls for a more negatively charged zeta potential. The dilemma

regarding the different pathogenicity of short vs. long fibres is still
an open issue. According to the Stanton hypothesis [86], ability of
mineral particles to cause cancer is mostly a function of size rather
than physico-chemical properties. Recent studies [87] showed that
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ig. 7. Zeta potential values of short fibres vs. long fibres in Gamble solution at 37 ◦C
f  all investigated sample. Legend: (�) long fibres; (�) short fibres.

he fibre size has fundamental importance to define the toxicity of a
bre and that short chrysotile fibres (nanofibres) do not exhibit the
ame cytotoxicity of the long fibres. Our results reveal that short
bres with higher absolute values of zeta potential are more stable

n solution and less aggregated that long fibres. The latter, as we
ave seen above, have a tendency to aggregation and should trigger
ore potent inflammatory response than short fibres.
(7) Temperature. It was found that temperature affects the value

f the zeta potential both in distilled water and in Gamble’s solu-
ion (Fig. 5). In general, assuming the same fibre size, it turns out
hat the zeta potential becomes more negative (assumes higher
bsolute values) at 25 ◦C. This variation is significant for amphi-
oles and erionite whereas it is within the experimental error
or the UICC chrysotile. Although the literature describing the
nfluence of temperature on the zeta potential is scanty, it was gen-
rally observed that zeta potential becomes more negative with
emperature increase ([88] and references therein). The opposite
henomenon is observed here. The influence of temperature on
he zeta potential is a result of changes in silanol equilibrium,
dsorption equilibria, and diffused double-layer thickness [89].
otwithstanding, exceptions are reported in the literature (e.g.,
eta potential became more positive at acidic pH with tempera-
ure increase for Na-kaolinite, [90]) indicating that temperature
ependence of the zeta potential, if any, is structure-related and

nfluenced by other chemical factors, such as pH.

. Conclusions

The zeta potential of selected mineral fibres (chrysotiles,
mphiboles and erionite) of industrial and social importance was
nvestigated to understand the relationship between surface reac-
ivity and fibre pathogenicity. In double distilled water, chrysotiles
how positive values of the zeta potential, while crocidolite and
rionite show negative values. In contact with the Gamble’s solu-
ion, all fibres display negative zeta potential, clearly showing that
his parameter cannot be considered a discriminating factor when
t is measured in contact with an organic solution reproducing cell
nvironment. In modelling the effects of surface potential of min-
ral fibres, many physical–chemical parameters such as hemolytic
otential, ROS production,  fibre encapsulation, fibre size and tem-

erature should be considered. Among these, apoptosis is a major
actor with the endoplasmic reticulum stress that activates an
nfolded protein response and Ca2+ release leading to activation of
itochondria-regulated apoptosis. Because Ca2+ ions are required

[
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for the induction of intrinsic apoptosis by mitochondria, the Ca2+

ion sequestration by the negatively charged mineral surface, may
impair the apoptotic response, crucial to counteract the trans-
forming potential of the carcinogenic fibres. Fibre agglomeration,
known to induce the highest biological responses, is favoured by
negative values of the zeta potential.
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 i g  h  l  i  g  h  t  s

For  the  first  time,  mineral  fibres  were  investigated  using  EXAFS  spectroscopy.
In  all  investigated  mineral  fibres,  iron  is found  in  octahedral  sites.
Erionite  contains  octahedrally  coordinated  Fe3+ as surface  oxide  nanoparticles.
The  amount  of  hydroxyl  radicals  released  by  fibres  depends  on  their  dissolution  rate.

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 12 January 2015
eceived in revised form 14 April 2015
ccepted 8 May  2015
vailable online 12 May  2015

eywords:
sbestos
ineral fibres

ron
hemical environment

a  b  s  t  r  a  c  t

Although  asbestos  represents  today  one  of  the  most  harmful  contaminant  on  Earth,  in  72%  of the  coun-
tries  worldwide  only  amphiboles  are  banned  while  controlled  use of  chrysotile  is  allowed.  Uncertainty  on
the potential  toxicity  of  chrysotile  is  due  to the  fact  that  the  mechanisms  by  which  mineral  fibres  induces
cyto-  and geno-toxic  damage  are  still unclear.  We  have  recently  started  a long  term  project  aimed  at  the
systematic  investigation  of  the  crystal-chemistry,  bio-interaction  and  toxicity  of  the  mineral  fibres.  This
work presents  a systematic  structural  investigation  of  iron  in  asbestos  and  erionite  (considered  the  most
relevant mineral  fibres  of social  and/or  economic-industrial  importance)  using  synchrotron  X-ray  absorp-
tion and  Mössbauer  spectroscopy.  In all investigated  mineral  fibres,  iron  in  the  bulk  structure  is  found
in  octahedral  sites  and  can  be  made  available  at the  surface  via  fibre  dissolution.  We  postulate  that  the
amount  of  hydroxyl  radicals  released  by the  fibers  depends,  among  other  factors,  upon  their  dissolution
oxicity rate;  in  relation  to this,  a ranking  of  ability  of asbestos  fibres  to generate  hydroxyl  radicals,  resulting  from
available  surface  iron,  is  advanced:  amosite  >  crocidolite  ≈  chrysotile  > anthophyllite  >  tremolite.  Erion-
ite,  with  a fairly  high  toxicity  potential,  contains  only  octahedrally  coordinated  Fe3+. Although  it  needs
further  experimental  evidence,  such  available  surface  iron  may  be  present  as  oxide nanoparticles  coating
and can  be  a direct  cause  of  generation  of hydroxyl  radicals  when  such  coating  dissolves.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

In the realm of mineral fibres, the asbestos family (chrysotile
nd amphiboles) and the zeolite erionite are certainly the most

eared ones [1,2]. Chrysotile is a hydrous layer silicate with a cylin-
rical lattice [3,4,5]. The family of fibrous amphiboles [6] includes
ctinolite, tremolite, crocidolite, amosite and anthophyllite. Fibrous

∗ Corresponding author. Tel.: +39 059 2055806; fax: +39 059 2055887.
E-mail address: simone.pollastri@unimore.it (S. Pollastri).

ttp://dx.doi.org/10.1016/j.jhazmat.2015.05.010
304-3894/© 2015 Elsevier B.V. All rights reserved.
erionite is a widespread zeolite of both sedimentary and hydrother-
mal  origin [7,8].

Although it was proven that all these mineral fibres, if inhaled,
may induce lethal lung diseases [9,10,11,12,13,14], there is still
considerable controversy in the scientific community to whether
chrysotile asbestos is actually a potent carcinogen to humans
[15,16]. At the moment, all amphibole asbestos minerals are

banned worldwide whereas chrysotile is banned only in the coun-
tries where the line of the international agency for research on
cancer (IARC) of the World Health Organization and the national
toxicology program is fostered [17,18,19,20,21,22]. Erionite, a

dx.doi.org/10.1016/j.jhazmat.2015.05.010
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2015.05.010&domain=pdf
mailto:simone.pollastri@unimore.it
dx.doi.org/10.1016/j.jhazmat.2015.05.010
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uman carcinogen listed by the IARC as a Group 1 Carcinogen,
urprisingly has not been banned to date [23].

Fibre size, surface activity, ability to generate reactive oxygen
pecies, biopersistence [24], iron content and iron-bodies forma-
ion are all factors deemed to play a role in inducing asbestos
orrelated lung diseases [2,24,25,26,27,28,29,30,31,32,33,34,35].
pecifically, iron associated with asbestos promotes the formation
f highly reactive HO• species via a Fenton like chain reaction.
he initiation of the chain reaction is the reduction of ferric

ron (Fe3+) by H2O2 released by the macrophages during the
nflammatory burst [14,36]: Fe3+ + H2O2 → Fe2+ + HO2

•/O2
• + H+.

e2+ is then oxidized by another H2O2 molecule and the chain
ropagates through reactions: H2O2 + HO• → HO2

•/O2• + H2O;
3+ • • 2+ +
e + HO2 /O2 → Fe + O2 + H (family of catalysed Haber-Weiss

eactions). HO• is thought to be the predominant damaging species
n vivo because elements which generate them such as iron are
ften capable of binding to DNA itself allowing HO• production to

ig. 1. High-resolution SEM images of investigated samples: (a) crocidolite; (b) tremolite;
g)  chrysotile UICC; (h) erionite.
 Materials 298 (2015) 282–293 283

occur in the immediate vicinity of the DNA [37]. Both the presence
and the speciation (oxidation state and coordination environment)
of iron were shown to be important factors of asbestos toxicity
[38–51]. For this reason, iron-bearing mineral fibres have been
investigated in the past using various experimental techniques: for
example, Canadian chrysotiles, including the UICC standard, with
Mössbauer spectroscopy (MS) [52,53]; tremolite asbestos from
the Susa Valley (Italy) with combined MS  and X-ray diffraction
(XRD) [54]; erionite from Rome (Oregon, USA) with combined
MS  and XRD [55]; UICC crocidolite and Italian tremolite asbestos
with combined MS  and X-ray photoelectron spectroscopy (XPS)
[41]; synthetic asbestos nanofibres with MS  [38]; asbestos fibres
in human lung tissues of naval shipyard workers with synchrotron

X-ray fluorescence (XRF) mapping and micro-XANES [33].

Despite the large amount of spot data, a systematic study of
the chemical environment of iron in the most important min-
eral fibres is still missing to date. The present work fulfils this

 (c) anthophyllite; (d) amosite; (e) chrysotile Val Malenco; (f) chrysotile Balangero;
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ap and reports a systematic structural investigation of the most
elevant iron-bearing mineral fibres using two powerful and com-
lementary techniques to determine the chemical environment
f iron in almost any kind of material. Specifically, synchrotron
-ray absorption (XAS) spectroscopy permits to determine coordi-
ation number and oxidation state of iron thanks to the analysis of
he XANES pre-edge parameters (total area and centroid position)
hereas EXAFS refinements allow to estimate Fe O distances and

 structure model for the iron chemical environment. Mössbauer
pectroscopy (MS) allows to quantitatively determine the percent-
ges of Fe2+ and Fe3+, their coordination number and to distinguish
hem depending on whether the iron belongs to magnetic phases
e.g. impurities as magnetite and hematite) or silicate phases. The
nvestigated fibres were formerly fully characterized in [56].

. Experimental

.1. Materials and preliminary characterization

The samples investigated in this study are:
(1) UICC standard amosite amphibole asbestos [(Ca0.02Na0.01)

Fe2+
5.36Mg1.48Fe3+

0.11Mn0.06)7.01(Si7.93Al0.01)7.94O21.94(OH)2.06]
ith minor impurities of calcite, hematite, and quartz;

(2) UICC standard antophyllite amphibole asbestos
Ca0.04(Mg5.81Fe2+

0.92Fe3+
0.21Mn0.04)6.98(Si7.83Al0.02)7.85
21.63(OH)2.37] with impurities of biotite, clinochlore/vermiculite
nd talc;

(3) UICC standard crocidolite amphibole asbestos
(Na1.96Ca0.03K0.01)2(Fe2+

2.34Fe3+
2.05Mg0.52)4.91(Si7.84Al0.02)7.86

Fig. 2. Fe K-edge XANES spectra of investigated samples.
 Materials 298 (2015) 282–293

O21.36(OH)2.64], with minor impurities of hematite, magnetite, and
quartz;

(4) tremolite amphibole asbestos from Val d’Ala (Italy)
[(Ca1.91Na0.06K0.01)1.98(Mg4.71Fe2+

0.22Fe3+
0.08Mn0.02)5.03

(Si8.01Al0.02)8.03O22.14(OH)1.86] with minor impurities of antigorite,
clinochlore, hematite and talc;

(5) UICC standard chrysotile asbestos
[Mg5.93Fe2+

0.11Al0.02Fe3+
0.01)6.07Si4.03O10(OH)7.66] with impurities

of brucite, calcite, clinochlore, dolomite, magnetite, microcline,
pyroaurite and talc;

(6) chrysotile asbestos from Balangero (Italy)
[(Mg5.81Fe2+

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

impurities of antigorite, balangeroite, calcite, clinochlore, diopside,
dolomite, magnetite, microcline, plagioclase, and talc;

(7) chrysotile asbestos from Val Malenco (Italy)
[(Mg5.85Fe2+

0.11Al0.02Ni0.01)5.99Si4.01O10(OH)7.86] with impu-
rities of calcite, forsterite, magnetite, quartz and very minor
impurities of lizardite/antigorite and clinochlore;

(8) erionite (fibrous) from Jersey, Nevada (USA)
[(Na5.31K2.18Ca0.15Mg0.11Fe3+

0.29)8.04(Si27.84Al7.85)35.69O72·28.13H2
with impurities of clinoptilolite.

Powdered samples were investigated with scanning electron
microscopy (SEM). The specimens were mounted on Al stubs and
coated with gold (10 nm thick film). Micrographs were collected
using an ESEM Quanta-200 instrument.

2.2. Methods

The details of the experimental methods are reported in Sup-
plementary material 1.

2.2.1. XAS
Fe K-edge XAS spectra were collected at the GILDA-BM08 CRG
beamline (ESRF, Grenoble, France; [57]). For all the experiments,
energy calibration was  achieved using iron foil as reference with
the position of the first inflection point taken at 7112.0 eV. The fol-
lowing reference compounds were used: almandine (Fe2+ [VIII]),

Table 1
XANES pre-edge parameters of reference compounds (a) and investigated samples
(b). All reported data are the average result obtained from a minimum of three
analysis.

(a)
Sample Iron Coordination Total r2 Centroid position

oxidation state area (eV)

Olivine +2 VI 0.046 (4) 0.9993 7112.84 (1)
Siderite +2 VI 0.034 (1) 0.9990 7112.93 (2)
Almandine +2 VIII 0.039 (8) 0.9996 7113.01 (3)
Hercynite +2 IV 0.206 (8) 0.9996 7113.16 (7)
Hematite +3 VI 0.073 (9) 0.9995 7114.49 (7)
Goethite +3 VI 0.074 (6) 0.9991 7114.68 (4)
Magnetite +2 VI 0.199 (9) 0.9997 7114.19 (5)

+3 IV-VI
Silicalite +3 IV 0.310 (8) 0.9984 7114.41 (2)
Biotite VI 0.061 (2) 0.9996 7114.37 (3)
FePO4–1 +3 0.079 (2) 0.9994 7114.67 (5)
FePO4 - 2 +3 0.081 (5) 0.9995 7114.73 (2)

b)
Sample Total r2 Centroid position

area (eV)

Anthophyllite 0.054 (5) 0.9997 7113.13 (3)
Amosite 0.044 (5) 0.9997 7113.17 (4)
Tremolite 0.032 (8) 0.9996 7113.56 (7)
Crocidolite 0.054 (7) 0.9993 7114.05 (5)
Chrysotile Balangero 0.074 (7) 0.9991 7114.04 (9)
Chrysotile Val Malenco 0.072 (5) 0.9990 7114.13 (5)
Chrysotile UICC 0.129 (8) 0.9997 7114.42 (5)
Erionite 0.076 (2) 0.9994 7114.65 (3)
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ig. 3. Fit of the pre-edge peaks of the reference compounds (a) and investigated sa
nalysis; Fe–silicalite fit is not clearly visible as the fit line is almost totally overlapp

ercynite (Fe2+ [IV]), siderite (Fe2+ [VI]), olivine (Fe2+ [VI]), biotite
Fe2+ [VI]), hematite (Fe3+[VI]), goethite (Fe3+[VI]), magnetite (Fe2+

VI]) and Fe3+ [IV–VI]), iron phosphate (Fe3+ [IV]) (2 samples)
nd silicalite (Fe3+ [IV]). The X-ray absorption near edge structure
XANES) spectra of samples and reference compounds were nor-

alized with respect to the high-energy side of the curve using
thena [58] and then subtracted from the pre-edge background
sing the program Origin 6.0. The analysis of the pre-edge region
as then performed by least-square fitting of pseudo-Voigt func-

ions to the pre-edge spectral envelope, using the program PeakFit
.12. EXAFS spectra were analyzed using IFEFFIT-1.2.9 package
58,59].
.2.2. Mössbauer
For the Mössbauer experiments, given the different Fe content

f the various samples, a variable amount of 10–100 mg  was used
o that Fe total content of the absorber was between 1 and 5 wt.%,
 (b). All reported fits are the average result obtained from a minimum of three data
 the experimental points.

within the limits for the thin absorber thickness described in [60].
57Fe-Mössbauer spectra were collected at room temperature (RT),
using a conventional spectrometer operating in constant accel-
eration mode with a 57Co source of nominal strength of 25 mCi
in rhodium matrix, and recorded with a multi-channel analyzer
using 512 channels. The spectra were fit using the Recoil 1.04 fit-
ting program [61]. Data analysis involved a curve-fitting procedure
made assuming a Lorentzian peak shape. The statistical best fit was
obtained by using the reduced �2 method. Fitting of Quadrupole
Splitting Distribution was also tested (following an approach pre-
viously used [62–63]) but did not improve the fit obtained with
Lorentzian curves.
3. Results

Fig. 1 reports a gallery of high-resolution SEM images of the
investigated fibres (details about SEM analysis are given in [56]).
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Table 2
(a) Reference compounds; (b) samples. Crystallographic data and structural param-
eters as obtained from the R-space fit by using the theoretical references.

a)
Shells Ref. comp. Ref. N R(Å)

hematite Fe2O3 [77]
Fe O1 3 1.938
Fe  O2 3 2.105
goethite FeO(OH) [78]
Fe O1 1 1.890
Fe  O2 2 1.928
Fe  O3 1 2.014
Fe  O4 2 2.087
almandine Fe3Al2(SiO4)3 [79]
Fe O1 4 2.146
Fe O2 4 2.285
hercynite FeAl2O4 [80]
Fe O1 4 1.949
siderite FeCO3 [81]
Fe O1 6 2.113
biotite – [82]
Fe O1 2 1.994
Fe  O2 2 2.070
Fe  O3 2 2.137

b)
Shells % Ref.a N R(Å)

anthophyllite
Fe O1 3 2.07 (3)
Fe O2 3 2.08 (3)
amosite
Fe O1 6 2.083 (4)
tremolite
Fe  O1 6 2.093 (4)
crocidolite
Fe  O1 6 2.059 (8)
chry. Balangero
Site1 - Fe O1 0.2b 4 1.770 (5)
Site2 - Fe O1 0.8b 6 2.054 (4)
chry. Val Malenco
Site1 - Fe O1 0.2b 4 1.81 (3)
Site2 - Fe O1 0.8b 6 2.033 (3)
chry. UICC
Site1 - Fe O1 0.3b 4 1.86 (2)
Site2 - Fe O1 0.7b 6 2.028 (6)
erionite
Fe  O1 6 2.011 (8)

a References are not reported because structural models have been modified from
86 S. Pollastri et al. / Journal of Haz

ll amphibole asbestos species exhibit a marked needle-like crystal
abit (Fig. 1a–d) with a heterogeneous size distribution. As already
emarked in [56] some fibres tend to agglomerate into ball-like
lusters (see for example crocidolite in Fig. 1a). Chrysotile species
how instead a marked flexible fibrous-asbestiform crystal habit
ith bundles of long and short fibres (Fig. 1e–g). Erionite crystals

Fig. 1h) are short and stubby with an even size distribution.
Concerning the XAS data, several Fe–bearing minerals [64–76]

ere used as a reference. The Fe K-edge XANES spectra of the
nvestigated samples are reported in Fig. 2. Fig. 3 reports the fit
f the pre-edge peaks of the reference compounds (a) and investi-
ated samples (b) whereas Fig. 4 the results of the fit of the EXAFS
pectra. EXAFS refinements of reference compounds were per-
ormed using the structure models reported in [77–82]. Table 1(a,
) and Table 2(a, b) report the relevant data obtained from the
ANES and EXAFS analysis; details about the analysis and detailed
able 1 and 2 are reported in the Supplementary material 2 “Details
f the Results”. During the analysis, some constraints have been
sed due to both the complexity of the oxygen atoms geometry in
he first shell and the relevant structure disorder [83].

Room-temperature 57Fe-Mössbauer spectra of amosite, erion-
te, chrysotile Balangero, chrysotile Val Malenco and erionite Jersey
re shown in Fig. 5. Refined hyperfine parameters are reported in
able 3 together with literature data available for the investigated
amples (symbols and correction factors according to [84–86]).
etails about the Mössbauer analysis are also reported in the Sup-
lementary material 2 “Details of the Results”.

. Discussion

.1. Iron chemical environment in minerals fibres

The XANES pre-edge peak centroids and the Mössbauer spectra
f the investigated samples revealed the presence of both Fe2+ and
e3+ oxidation states and that the two iron species are disordered
ver different structural sites (Fig. 6 and Table 1). Fig. 6 is a mod-

fied version of the variogram from [72]. Because literature data
71,72,87] have the iron threshold calibrated at variable energies,
hey have all been rescaled to be compared to our data (threshold of
ron at 7112.00 eV). The obtained cationic distribution of Fe ions in
ur samples are in general agreement with literature data [88–95]
nd will be hereby discussed in detail.

.1.1. Amphiboles
In amphiboles, with a general formula AB2C5T8O22W2 [96] Fe2+

ons can be potentially hosted in the octahedral positions C, namely
(1), M(2), M(3), and (B), namely M(4) [53,91,92], whereas Fe3+

an only be hosted in the C positions [53,93,97]. These sites are
andwiched between two double silicate chains [40] being M(3) the
nnermost inside the structure. M(1) is close to M(3) whereas M(2)
nd M(4) are peripheral, shifted towards the edge of the double
ilicate chain.

In UICC anthophyllite, the pre-edge peaks centroid position at
113.13(3) eV (Table 1) indicates the presence of Fe2+ in agree-
ent with MS information from the literature (Table 3). The total

re-edge peaks area of 0.054(5) points to iron hosted only in octahe-
ral position (Table 1). The best fit of the EXAFS data was obtained
ith a first shell composed of three oxygen atoms at 2.07 Å and

.08 Å, respectively. Unfortunately, the quality of the data is poor
see Fig. 4a) and it was not possible to accomplish a better fit (see
he R-factor and Debye–Waller in Table 2). As reported in many
S  studies on anthophyllite samples [53,100,101], the population
f Fe2+ in M(4) is much larger than the population in M(1), M(2)
nd M(3); Fe3+ ions, if any, are expected to be confined in M(2) site
lthough in some cases the occurrence of small amounts of Fe3+
the original (number of oxygens, number of coordination spheres).
b Kept fixed in the refinement to the values from the Mössbauer analysis.

in M(1) or M(3) sites has been reported. Hence, UICC anthophyl-
lite results to be mainly composed of Fe2+ with a very low amount
of Fe3+, both in octahedral coordination, with Fe2+ ions preferably
hosted in M(4) site.

For UICC amosite, XANES pre-edge centroid position at
7113.17(4) eV and total pre-edge peaks area of 0.044(5) indicate
predominance of Fe2+ hosted only in octahedral position (Table 1
and Fig. 6) in agreement with MS  data (Table 3). EXAFS data
(Table 2) confirm a first shell of six oxygen atoms at a mean dis-
tance of 2.083 Å, slightly shorter but still close to the theoretical
value of octahedral Fe2+ O (2.14 Å). MS  data of the cummingtonite-
grunerite series [53,92,98,99] were fitted using a model with Fe2+

ions preferably in M(4) site with respect to M(2). According to this
model, 35% of the total Fe2+ is hosted in M(4) site, and remain-
ing Fe2+ ions randomly distributed over M(1), M(2) and M(3) sites.
Therefore, despite UICC amosite generally contains much more iron
with respect to UICC anthophyllite, the models of cation distribu-
tion are comparable, with octahedral Fe2+ largely prevailing over

Fe3+.

Tremolite from Val d’Ala displays a pre-edge centroid position
at 7113.56(7) eV (Table 1) close to that of Fe2+ (Fig. 6) whereas
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ig. 4. Results of the fit of the EXAFS spectra: (a) �(k0) experimental data; (b) k1,2
f  investigated samples, both supplied with the real part.

he total pre-edge area of 0.032(8) is the lowest among the investi-
ated samples and indicates that iron is only in octahedral position.
hese findings are in agreement with MS  data (Table 3). The best
t of the EXAFS data (Table 2), collected in fluorescence mode, was
btained with a single shell of six oxygen atoms at 2.093 Å. This is
onsistent with the coexistence of Fe2+ and Fe3+, with Fe2+ as dom-
nant species, falling between the theoretical value of octahedral
e2+-O (2.14 Å) and that of octahedral Fe3+-O (2.015 Å). Literature
ata on tremolite samples characterized with MS  and other tech-
iques reports that approximately 40% of Fe2+ is located M(2) site,
hile the remaining is disordered over both M(1) and M(3) sites

41,43,44,54,88]. Considering the site multiplicity, an almost dis-
rdered distribution of iron over sites M(1), M(2) and M(3) may  be
redicted, while Fe3+ is ordered in M(2) site.

As far as UICC crocidolite is concerned, XANES data evidence
omparable fractions of Fe2+ and Fe3+, with a pre-edge centroid
osition at 7114.05(5) eV (Table 1), halfway between that of the
e2+ and Fe3+ standards and in agreement with MS  information
Table 3). The total area of the pre-edge peaks 0.054(7) indicates
hat iron has an octahedral coordination. EXAFS data confirms a first
hell of six oxygen atoms at a mean distance of 2.059 Å (Table 2).
his value is right in between the theoretical value of octahedral

e2+-O (2.140 Å) and the theoretical value of octahedral Fe3+-O
2.015 Å). Thus, iron in UICC crocidolite has comparable amount
f ferrous and ferric iron both in octahedral coordination (Fig. 6).
his finding is in concert with the literature data [40,41]. A struc-
er transformed experimental (gray solid line) and fitted (black medium dash) data

tural study about the Bolivian crocidolite [93] reported that site
M(4) is partially vacant with magnesium largely prevailing over
iron. MS  data from the literature [41,44,53,92,94] confirm that Fe3+

ions are mainly found in the peripheral M(2) positions with a small
proportion in M(1) and M(3) while most of the Fe2+ ions occupy
M(1) and M(3), the innermost positions. In concert, the distance
of 2.09 Å obtained from EXAFS refinement is consistent with the
average interatomic distances of six oxygen atoms (2.088 Å) with
respect to Fe ions within M(1), M(2) and M(3) positions calculated
from an ideal structural model of crocidolite.

4.1.2. Chrysotiles
Chrysotile, with an ideal formula Mg3Si2O5OH4, is composed of

an Mg-centred octahedral sheet and a Si-centred tetrahedral sheet.
Both Fe2+ and Fe3+ ions can replace magnesium [40,53]. Fe3+ ions
may  eventually replace Si ions although this position may  prefer-
entially host Al3+ [52,102].

As far as UICC chrysotile is concerned, XANES data evidence
major fractions of Fe3+ with respect to Fe2+, with a pre-edge
peaks centroid position at 7114.42(5) eV (Table 1). The total pre-
edge peaks area of 0.129(8) indicates that iron is hosted in both
octahedral and tetrahedral environment. This is confirmed by the

EXAFS data (Table 2), showing two different site positions for
iron: one having a first shell of four oxygen atoms at 1.860 Å and
another one with a first shell of six oxygen atoms at 2.028 Å.
The first shell is compatible with Fe3+ tetrahedral environment
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indicate comparable fractions of Fe2+ and Fe3+ almost exclusively
in 6-fold coordination (Table 1 and Fig. 6). EXAFS results are in
agreement with XANES data and very similar to that of Balangero
ig. 5. Representative RT 57Fe Mössbauer spectra of the investigated samples: (a
les  = experimental spectrum; black thick line = calculated spectrum; light gray thin 

ubspectra.

theoretical distance 1.865 Å) while the second one with an octa-
edral environment mainly Fe3+ with a small presence of Fe2+

theoretical distances 2.015 Å and 2.140 Å, respectively). The pres-
nce of tetrahedral iron is widely justified by the previous MS
tudy on this sample [53] showed that about 60% of total iron
elongs to magnetite. Hence, assigning all tetrahedral iron to mag-
etite/maghemite and taking into account its contribution for
ctahedral Fe2+ and Fe3+, UICC chrysotile sample displays ferric

ron prevailing over ferrous iron (in agreement with [103]) both
n octahedral coordination (Fig. 6).

In the Balangero sample, XANES data suggest almost compa-
able fractions of Fe2+ and Fe3+, with a pre-edge peaks centroid
osition at 7114.04(9) eV (Table 1). The total pre-edge peaks area
f 0.074(7) points to iron mainly in octahedral environment, with
ossible minor presence of tetrahedral iron. EXAFS refinements
how two site positions: a first shell of four oxygen atoms at
istance of 1.770 Å (attributed to tetrahedral ferric iron from mag-
etite) and another with six oxygen atoms at 2.054 Å (Table 2),
onsistent with an octahedral environment halfway between Fe2+

nd Fe3+ (theoretical distances 2.140 Å and 2.015 Å, respectively).
ased on MS  results (Table 3), about 30% of the total iron is
ttributed to magnetite and 70% to chrysotile. Magnetite, given
o the observed non-stoichiometric Fe3+/Fetot ratio, shows a 10%
xidation to maghemite. In chrysotile Fe2+ is higher than Fe3+

40% and 30% of Fetot, respectively). Although MS  cannot discrim-
nate iron present in chrysotile from iron present in other silicate
e.g. balangeroite), a relevant contribution from silicate impuri-

ies should be ruled out because: (i) despite Val Malenco and
alangero chrysotiles are of different origin (with different silicate
hase impurities) spectra are very similar; (ii) silicate phase impu-
ities have low iron content. In conclusion, from the convergence
nite; (b) chrysotile Balangero; (c) amosite; (d) chrysotile Val Malenco. Open cir-
e2+ and Fe3+ paramagnetic subspectra; dark grey thin line = Fe2.5+ and Fe3+ magnetic

of XANES, EXAFS and MS  data, it is possible to conclude that iron
in chrysotile sample from Balangero is half ferrous and half ferric,
both hosted in octahedrally-coordinated sites (Fig. 6).

Concerning the Val Malenco sample, XANES pre-edge centroid
position at 7114.13(5) eV and total pre-edge peaks area of 0.072(5)
Fig. 6. Pre-edge parameters of samples and reference compounds plotted in the
modified variogram from [72]. Little grey fields designate pre-edge parameters for
the  Fe co-ordination and oxidation state whereas dashed lines between fields indi-
cate the variation of pre-edge parameters assuming binary mixtures of respective
end-members [72]; larger grey fields designate our pre-edge parameter.
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Table  3
Room temperature 57Fe Mössbauer hyperfine parameters for the investigated fibrous samples compared to extant data from literature.

Sample X2 Fe2+ Fe3+ Fe3+
raw Fe3+

corr

� (�0) �EQ (�0) � (��) Area � (�0) �EQ (�0) � (��) (H) Area (% Fetot) (% Fetot)
(mm/s) (mm/s) (mm/s) (%) (mm/s) (mm/s) (mm/s) Tesla (%)

Amosite 1.12 1.16 2.79 0.32 64 0.30 0.00 0.82 9 9 8
UICC  standard 1.08 1.57 0.32 26

Amosite 1.14 2.80 0.38 53 0.37 1.06 0.68 9 9 7
UICC  standardb 1.07 1.58 0.52 38

Anthophyllite 1.11 2.64 0.48 38 0
UICC  standardb 1.10 1.82 0.32 62

Crocidolite 3.16 1.07 2.92 0.03 0.37 1.00 1.86 57 52
UICC  standarda 1.07 2.64 0.38 0.37 0.43 0.18

Crocidolite 1.12 2.90 0.34 38 0.38 0.42 0.31 42 42 37
UICC  standardb 1.13 2.42 0.34 20

Tremolite 0.79 1.19 2.92 0.17 48 0.25 2.16 0.62 7 15 12
Ala  di Sturaa 1.19 1.89 0.20 37 0.25 1.02 0.32 8

Chrysotile 0.97 1.14 2.73 0.30 17 0.33 0.66 0.64 30 51 43
Balangero 1.16 2.32 0.44 23 0.26 49 12

0.68 46 18

Chrysotile 0.88 1.13 2.88 0.24 10 0.35 0.69 0.62 37 56 47
Val  Malenco 1.15 2.63 0.33 26 0.26 49 10

0.67 46 17

Chrysotile 1.12 2.65 0.34 0.75 70 57
UICC  standardb 0.20 0.34

Erionite 0.49 0.35 0.24 0.44 55 100 100
Jersey,  Nevada 0.32 0.85 0.64 45

Erionite 0.89 0.34 0.34 0.50 80 100 100
Rome,  Oregonc 0.38 1.17 0.40 20

Notes: center shift (�) measured with respect to �-iron. Lorentzian site analysis: uncertainties were estimated at about ± 0.02 mm/s for both �, quadrupole splitting (�EQ)
and  line width (�), ±0.5 Tesla for magnetic field (H), and no less than ±3 % for absorption area (expressed as % of Fetot). In italics: parameters assigned to Fe3+ and Fe2.5+ of
accessory magnetite in chrysotile. Fe3+ raw: area of absorption peaks assigned to Fe3+; Fe3+

corr: obtained from raw value by applying the correction factor of Dyar et al. [86]
for amphiboles and chrysotiles, and that of De Grave and Van Alboom [84] for magnetite; this parameter is referred to the total amount of Fe3+ in the sample (including
possible impurities). Symbols according to Rancourt and Ping [85].
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a Original data from [41]: in this case the QSD parameters center shift (�0), cente
b Original data from [53].
c Original data from [55].

hrysotile with a first shell of four oxygen atoms at a distance of
.810 Å and another with six oxygen atoms at 2.033 Å (Table 2)
mongst the octahedral theoretical Fe2+-O distance at 2.140 Å
nd the theoretical Fe3+-O distance at 2.015 Å. Based on MS  data
Table 3), 27% of the total iron belongs to magnetite and 73% to
hrysotile. Magnetite is partially oxidized to maghemite (in the
rder of 6%), and this is in agreement with the low area of XANES
re-edge peaks, indicating the low presence of tetrahedral iron
confirmed by EXAFS results). Hence, Val Malenco chrysotile dis-
lays comparable amount of Fe2+ and Fe3+ in octahedral position,
ery similar to that observed for Balangero chrysotile.

Because in chrysotiles, magnetic contributions (mainly due to
ccessory magnetite) have been excluded, the following new for-
ulas should be considered:

hrysotile UICC Mg5.93 Fe2+
0.04 Al0.02 Fe3+

0.08)6.07 Si4.03 O10 (OH)7.66.

hrysotile Balangero (Mg5.81 Fe2+
0.15 Al0.27 Fe3+

0.09 Cr0.01)6.33Si3.97O10 (OH)7.11.

hrysotile Val Malenco (Mg5.85 Fe2+
0.06 Al0.02 Fe3+

0.05 Ni0.01)5.99 Si4.01 O10 (OH)7.86.

.1.3. Erionite
In the zeolite erionite, with a general chemical formula
2(Na,Ca0.5)8[Al10Si26O72]·30H2O [8,55] Fe3+ ions may  virtually
eplace Al3+ ions in the framework or can be found in the
xtraframework cavities as octahedral free Fe(H20)6

3+ molecules
hereas high-spin Fe2+ can be octahedrally coordinated in
aussian components (�0) and Gaussian width (��) are reported.

extraframework sites [95]. It was also reported iron in the form
of Fe3+-bearing oxide-like nanoparticles, on the external surface of
the silica walls of a fibrous erionite from Rome, Oregon, USA [55].

In our sample from Jersey, Nevada, XANES data confirm the pres-
ence of only Fe3+, having a pre-edge peaks centroid position at
7114.65(3) eV (Table 1) close to the area of Fe3+-rich standards and
in agreement with MS  results (Table 3). The total pre-edge peaks
area of 0.076(2) reveals that iron is hosted only in octahedrally-
coordinated positions. This figure is confirmed by the EXAFS results
showing a first shell of six oxygen atoms at a mean distance of
2.011 Å (Table 2), very close to the theoretical distance Fe3+-O
(2.015 Å) in the octahedron. Based on MS  data, the absence of mag-
netic sextets typical of iron oxide, allows us to assess that oxide-like
nanoparticles, if present, must have a dimension under the resolu-
tion limit of the measurement at RT, namely <18 nm (according to
[55,89] and references therein). To support this hypothesis, TEM
analysis were also performed on this sample and the observations
evidenced spherical particles (<10 nm)  on the surface of the fibres
(Fig. 7a); locally, clusters of these particles were detected. EDS anal-
ysis reveals that such clusters are enriched in iron with respect
to the bulk (Fig. 7b). Iron in the investigated erionite is in octa-
hedral coordination inside oxide-like nanoparticles present at the
surface of the fibres. These results are preliminary and requires
further experimental evidence to definitely rule out the possibil-

ity of iron present as 6-fold coordinated extraframework cation in
the zeolite cages. Notably, this conclusion is in perfect agreement
with that of Ballirano [55] despite the different origin of the sam-



290 S. Pollastri et al. / Journal of Hazardous Materials 298 (2015) 282–293

F oparti
t

p
t
(

4

a
i
f
c
d
t
fi
c
a
o
t
t
i
t
v
g
m
m
i
a
r
f

ig. 7. High-resolution TEM images of erionite sample: (a) fibre with spherical nan
he  letter b) with EDS spectra; *contaminant from the grid.

les investigated. Because it was found that Fe+3 does not belong
o the zeolite structure, the chemical formula should be written as
Na5.35K2.19Ca0.15Mg0.11Ti0.05)7.85(Si28.01Al7.90)35.91O72·28.13H2O.

.2. Iron crystal chemistry and fibre toxicity

Iron in mineral fibres may  be responsible for carcinogenic
ctivity namely via ROS/RNS production during the phagocytosis-
nduced inflammatory burst [104]. Reactive HO• are responsible
or secondary genotoxicity via damage to proteins and DNA,
ell injury/mutation, nucleotide coenzyme destruction, membrane
amage, apoptosis, lipid peroxidation [105], and fibre encapsula-
ion by collagen and iron-rich proteins [106]. It is the synergy of (i)
brous-asbestiform crystal habit which triggers off partial phago-
ytosis/frustrated internalization and production of H2O2 and (ii)
ctive iron present at the surface of the fibres, to be the key factor
f potential fibre toxicity as it promotes the formation of reac-
ive HO•species by the surface Fenton reaction chain. In this frame,
he findings of Turci [38] on synthetic chrysotile are of paramount
mportance: a fibre that does not contain iron is non-reactive in
erms of ROS generation and cellular damage. However, even a
ery small amount of iron induces radical reactivity, cyto- and
eno-toxicity. Iron-containing particles such as hematite [107] and
agnetite are not active. Hematite has a lamellar crystal habit and
agnetite is sub-spherical. Their crystal habit promotes complete
nternalization [108] without ROS production. For crocidolite, the
bility to be mobilized from the fibre surface (surface activity),
ather than the amount of iron in the crystal lattice, are important
or the generation of ROS [109]. In contrast to crocidolite, chrysotile
cles on the surface (indicated by arrows); (b) clustering of particles (indicated with

is not rich in iron and the surface is less effective at generating
hydroxyl radicals [110].

Our results show that in all investigated mineral fibres, iron is
found in octahedral cavities. Fe3+ is in a peripheral octahedral cavity
(M(2)) in amphiboles and inside the octahedral sheet in chrysotiles.
In erionite it is present as octahedrally coordinated Fe3+ likely in
surface oxide nanoparticles. Fe2+ is hosted in the internal octahe-
dral cavities M(1) and M(3) in amphiboles and inside the octahedral
sheet in chrysotiles. It should be remarked that Fe2+ is located in the
innermost structure positions inside the crystal lattice less affected
by oxidation. To cause production of HO• species, such iron must
be available at the surface of the mineral fibre in contact with the
organic medium. At the fibre surface, even Fe2+ ions are stable at
acid pH of the macrophage environment [111].

Because production of HO• species requires iron to be available
at the surface of the mineral fibre in contact with H2O2 released
in the organic medium, during the persistent inflammatory activ-
ity, a dependency upon the dissolution rate of the fibre is also
expected [107]. In fact, progressive dissolution of the fibre struc-
ture makes bulk iron available at the surface. Although a specific
study is planned within this long term project, we can make some
semi-quantitative conjectures to link the dissolution time of the
fibres to the amount of iron converted from bulk iron to surface
iron. If we assume a mean 0.1 �m diameter fibre size for conve-
nience (as available literature data refer to this mean diameter size)

and a zero order reaction (compatible with the model described
in [112]) for the bulk dissolution of the fibre, the estimated total
dissolution time of the fibre in organic medium at pH 4 are:
amosite = ca. 2500 d, chrysotile = ca. 239 d, crocidolite = ca. 5000 d
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Table 2 in [113]), and tremolite = ca. 18,250 d [114], in the span of
ime of the dissolution of chrysotile (239 d), the following amount
f iron (Fe2+ + Fe3+ wt.%, calculated from the chemical formulas)

s released: amosite = 3.0 wt.%, chrysotile = 1.1–2.3 wt.%, crocido-
ite = 1.3 wt.%, and tremolite = 0.02 wt.%. If we assume anthophyllite
o have the same dissolution rate of crocidolite, the amount of
otal iron released in 239 d is 0.37 wt.%. Hence, a proposed ranking
f ability of asbestos fibres to generate available surface iron-
elated (pristine bulk iron made available at the surface of the
bre during the dissolution process) hydroxyl radicals may  be:
mosite > crocidolite ≈ chrysotile > anthophyllite > tremolite.

The ranking intentionally does not include erionite which
equires an individual explanation. It is well known that although
xposure to erionite is less widespread, this zeolite species is more
otent than chrysotile asbestos in causing mesothelioma [115,116].
rionite is fibrous-asbestiform and its frustrated phagocytosis read-

ly prompts H2O2 production. Notwithstanding, its dissolution rate
s very low in acid media [25], total iron content is low (Fe3+

nly = 0.55 wt.%), and available surface iron-related hydroxyl rad-
cals should be in principle negligible. On the other hand, if we
ssume that Fe3+-rich oxide nanoparticles are all concentrated at
he fibre surface, despite total content of iron is low, it is all avail-
ble via dissolution at pH 4, forming low nuclearity active Fenton
e(OH)2+ group in acid solution [117]. We  can speculate that the
emain of such dissolution process is a monolayer of Fe(OH)2+

roups retained at the zeolite surface as this molecular group fits
he 6-membered ring present in the erionite framework with a
etrahedral T2 site composing the 6-membered window rich in Al3+

118]. Structural studies using synchrotron anomalous scattering
owder diffraction experiments are in progress to validate the pro-
osed model. The selectivity for the 6-membered ring of erionite

or iron is in concert with the empirical prediction of Fubini and
ollo [26] who postulated that only a few surface iron species on
ineral samples are in the right redox and coordination state to

e active in the hydroxyl radical production. The predicted density
f such surface iron sites should be relevant as all iron is origi-
ally present as fibre coating of Fe3+-rich oxide nanoparticles. This
odel is in agreement with the findings of Fach [119] on synthetic

e-exchanged erionite. Moreover, the model plausibly applies to
ost of the natural erionite samples (see for example erionite-K

rom Rome, Oregon, U.S.A. [55]) and explains the affinity for iron of
his zeolite species.

. Conclusions

In this spectroscopy work, the chemical environment of iron has
een investigated for selected mineral fibres of industrial and social

mportance. In all investigated mineral fibres, iron is found in octa-
edral cavities. Fe2+ is located in the innermost structure positions

nside the crystal lattice less affected by oxidation. In amphiboles,
e3+ is in a peripheral octahedral cavity M(2) whereas Fe2+ is in an
nternal octahedral cavity M(1) and M(3). Both Fe3+ and Fe2+ fill
ctahedral cavities in chrysotiles.

The potential to release hydroxyl radicals as source of toxicity of
ineral fibres also depends upon their dissolution time and surface

ron availability, with chrysotile showing much shorter dissolution
ime than amphiboles and hence comparable release of iron. This
nding may  indicate that the overall toxicity potential of chrysotile

s not lower than that of amphiboles as far as the surface availability
f iron is concerned. The case of erionite is more complicated. Iron
s present as octahedrally coordinated Fe3+ likely inside a surface
oating of oxide nanoparticles, available at the surface, which dis-
olve in acid environment, releasing Fenton active Fe(OH)2+ groups
f low nuclearity.
 Materials 298 (2015) 282–293 291
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 i g  h  l  i g  h  t  s

Asbestos  bodies  around  chrysotile,  crocidolite  and  erionite  fibres  inoculated  in  white  rats  were studied.
Asbestos  bodies  are  observed  after  about  40  weeks  from  chrysotile  and crocidolite  but do  not  form  from  erionite.
The  size  of the  fibres  controls  the  formation  of asbestos  bodies.
The  source  of  iron  to form  the  asbestos  bodies  is  organic  because  the  dissolution  of  the  fibres  is very  limited.
A  model  explaining  the  formation  of  asbestos  bodies  in  chrysotile  and  crocidolite  is postulated.
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a  b  s  t  r  a  c  t

This  work  presents  a comparative  FEG–SEM  study  of  the morphological  and chemical  characteristics  of
both  asbestos  bodies  and  fibres  found  in  the  tissues  of Sprague–Dawley  rats  subjected  to intraperitoneal
or  intrapleural  injection  of UICC  chrysotile,  UICC  crocidolite  and  erionite  from  Jersey,  Nevada  (USA),  with
monitoring  up  to 3 years  after  exposure.

Due to  unequal  dosing  based  on  number  of  fibres  per  mass  for chrysotile  with  respect  to crocidolite
and  erionite,  excessive  fibre  burden  and fibre  aggregation  during  injection  that  especially  for  chrysotile
would  likely  not  represent  what  humans  would  be  exposed  to, caution  must  be  taken  in  extrapolating  our
results  based  on instillation  in experimental  animals  to human  inhalation.  Notwithstanding,  the  results
of  this  study  may  help  to better  understand  the  mechanism  of  formation  of  asbestos  bodies.

For  chrysotile  and  crocidolite,  asbestos  bodies  are  systematically  formed  on  long  asbestos  fibres.  The
number  of  coated  fibres  is only  3.3%  in  chrysotile  inoculated  tissues.  In UICC  crocidolite,  Mg,  Si, and  Fe
are associated  with  the  fibres  whereas  Fe,  P and  Ca are  associated  with  the  coating.  Even  for  crocidolite,
most  of  the  observed  fibres  are  uncoated  as  coated  fibres  are  about  5.7%.  Asbestos  bodies  do  not  form
on  erionite  fibres.  The  crystal  habit,  crystallinity  and  chemistry  of all fibre  species do  not  change  with

contact  time,  with  the  exception  of  chrysotile  which  shows  signs  of  leaching  of  Mg.

A  model  for the formation  of  asbestos  bodies  from  mineral  fibres  is  postulated.  Because  the  three  fibre
species  show  limited  signs  of  dissolution  in the  tissue,  they  cannot  act  as  source  of elements  (primarily
Fe,  P and Ca)  promoting  nucleation  and  growth  of asbestos  bodies.  Hence,  the limited  number  of  coated
fibres  should  be  due to the  lack  of  nutrients  or organic  nature.

©  2015  Elsevier  B.V.  All  rights  reserved.
∗ Corresponding author. Fax: +39 0592055887.
E-mail address: alessandro.gualtieri@unimore.it (A.F. Gualtieri).

ttp://dx.doi.org/10.1016/j.jhazmat.2015.11.050
304-3894/© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Asbestos bodies (ABs) in human lungs were first described as

peculiar pigmented crystals by Marchand [1], and reported later
by many authors with different names [2–5]. Churg and Warnock
[6] univocally defined the terms asbestos body to indicate bodies

dx.doi.org/10.1016/j.jhazmat.2015.11.050
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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F f a chrysotile bundles after 65 weeks of ct; (b) an AB without a well-defined shape formed
a e chrysotile fibres after 80 weeks ct.; (d) section of a circular AB with a secondary coating
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Fig. 2. Black circles = spots of EDS semi-quantitative analyses along the longitudinal
ig. 1. (a) a large granular structure formed in correspondence of the termination o
round  chrysotile after 65 weeks of ct; (c) ABs with globular shape at both ends of th
ayer  on a chrysotile fibre after 104 weeks of ct.

ontaining asbestos fibres, and ferruginous body or pseudoasbestos
ody for all non-asbestos-containing structures.

ABs display a variety of shapes like beaded, segmented, dumb-
ell and others. ABs are generally 20–50 �m long [6–8] with a
–5 �m diameter [6,7] although exceptions occur (some exceed
00 �m in length [9] or display diameter of only 0.5 �m [5]).

The formation of ABs is a complex mechanism involving a num-
er of factors, such as the nature of the fibre, its morphometry,
oating efficiency of the animal host and the instillation process.
aque and Kanz [10] suggested that the time span of formation of
Bs in animals is similar in humans. The formation of an AB was
rst attributed to hemosiderin organic Fe-storage complex [11,12].
avis [13] suggested that ABs have a biological origin. According

o Suzuki and Churg [14,15], formation of ABs deposited in lung
arenchyma is due to fibre phagocytosis by alveolar macrophages.
ccording to Koerten et al. [16], ABs may  occur in the extracellular
nvironment.

Concerning the influence of the nature of the fibre upon ABs for-
ation, various authors [17–19] noted differences in accumulation

f amphibole vs. chrysotile fibres within the lungs of different ani-
als, following long-term inhalational exposure. Such differences
ay  be related to the shorter half-life of chrysotile compared to

mphiboles [6,19–20]. In general, fibres coated by ABs always coex-
st with uncoated fibres. The latter are invariably more abundant,

ith the ratio of uncoated to coated fibres which is much larger
n chrysotile than in amphibole asbestos [21]. The infrequency of
hrysotile ABs is likely due to its fragmentation into fine and shorter
brils and to the fact that ABs rarely occur on asbestos fibres shorter

han 10 �m [22]. As a matter of fact, ABs tend to form only on fibres
onger than 20 �m or more [22–24].

Regarding the influence of the animal host upon ABS forma-

ion, in vivo studies performed by Vorwald et al. [23] demonstrated
hat the proliferation of ABs is related to the fibres coating effi-
iency of the animal species. Rats are poor formers of ABs whereas

section of an AB from chrysotile formed after 80 (a) and 65 (b) weeks of ct in the
organ.
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ig. 3. �-Raman spectra and reference spectra shown for comparison of (a) an AB
eeks  of ct; (c) a chrysotile fibre after 71 weeks of ct; (d) a chrysotile fibre after 8
eeks  of ct; (g) an erionite fibre after 79 weeks of ct; (h) an erionite fibre after 104 

umans, guinea pigs and hamsters are more efficient creators of
Bs [15,25–28].

The choice of the process of fibres’ injection (intratracheal or
nhalation) has an influence upon the development of ABs [29]. The

esultant inflammatory responses were also quite different [30] so
aution should be used when extrapolating results based on instil-
ation in animals to the real case of human inhalation exposure
31].
d from chrysotile after 80 weeks of ct; (b) an AB formed from crocidolite after 80
ks of ct; (e) a crocidolite fibre after 38 weeks of ct; (f) a crocidolite fibre after 109

 of ct.

The different factors controlling the formation of ABs also con-
trol their chemistry. Harrison et al. [32] showed that the ferritin core
is a ferric oxyhydroxide, presumably (FeOOH) or (FeOOPO3H3) if
phosphate is present. The presence of Ca and P has been confirmed

by Meyer [33] in ABs, and recent studies using synchrotron soft
X-ray imaging have demonstrated that Mg  also participates along
with Fe to the coating process [34]. Not all ABs possess a Fe-rich
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Fig. 4. (a) example of segmentation affecting both crocidolite fibre and its AB coat-
ing; (b) an AB on a crocidolite fibre recovered through digestion process after 73
8 N.B. Gandolfi et al. / Journal of Ha

oating. Coating of asbestos fibres with spherules of Ca-phosphate
r Ca-oxalate crystals were observed [16].

Despite the huge number of papers directly or indirectly dealing
ith ABs, their nature, origin and control/influence over the cyto-

oxicity mechanism of asbestos fibres are still a matter of debate.
n particular, it should be clarified if a relationship between the
ype of AB and the nature of the mineral fibre, in terms of mineral-
gy, chemistry and geometrical parameters, exists and the reasons
hy only a limited number of fibres are coated. Another matter of

ebate regards the source of Fe coating the fibres which is actu-
lly unknown and the proviso that coated fibres display a minimal
otential for cytotoxicity with the Fe coating bound in such a way
hat it does not efficiently participate in the generation of reactive
xygen species.

In the attempt to shed some light over the issues listed
bove, this work reports the results of a combined systematic
eld emission gun-scanning electron microscopy (FEG–SEM) and
icro-Raman study of the morphological and chemical charac-

eristics of both fibres and ABs present in tissues of male and
emale Sprague–Dawley rats which underwent single intraperi-
oneal or intrapleural injection of UICC chrysotile, UICC crocidolite
nd erionite during a long term animal testing for the assess-
ent in vivo of fibre carcinogenicity (specifically, induction of
esothelioma). The choice of chrysotile, crocidolite and eri-

nite fibres was prompted by the relevance of these mineral
bres. Chrysotile is a serpentine layer silicate with ideal formula
g3(OH)4Si2O5; crocidolite is the fibrous variety of riebeck-

te, an amphibole double-chain silicate with ideal composition
a2Fe3

2+Fe2
3+Si8O22(OH)2; erionite is a fibrous zeolite with mean

hemical formula K2(Na,Ca0.5)8[Al10Si26O72]·30H2O. Chrysotile
nd crocidolite are the most common asbestos species and have
een used since ancient times for nearly 3000 different applica-
ions. The distinctive fibrous-asbestiform crystal habit and surface
ctivity, responsible for the outstanding technological properties
f asbestos minerals, seem to be also the cause of their poten-
ial toxicity. Erionite has a very limited use and is known to
nduce mesothelioma [35]. Crocidolite is now banned worldwide

hereas 72% of the countries worldwide admit the safe use of
hrysotile. According to the so-called amphibole hypothesis,  only
mphibole asbestos minerals should be considered carcinogens
hereas chrysotile asbestos is assumed to have little potential for

roducing mesothelioma [36]. The amphibole hypothesis is sup-
orted by the evidence that chrysotile dissolves reasonably quickly
low biodurability) in the intracellular macrophage environment,
uring phagocytosis, whereas amphiboles are much more durable
high biodurability) and remain in the lungs for a very long time
37].

. Experimental

Three mineral fibres of broad economic and social importance
ere analysed in situ in histological tissues of male and female

prague–Dawley rats by high resolution FEG–SEM microscopy. The
hree mineral fibres were: (1)UICC standard chrysotile asbestos
(Mg5.93Fe2+

0.04Al0.02Fe3+
0.08)6.07Si4.03O10(OH)7.66] with impuri-

ies of brucite, calcite, clinochlore, dolomite, magnetite, microcline,
yroaurite and talc; mean length = 16(1) �m; mean diame-
er = 0.5(1) �m;  (2)UICC standard crocidolite amphibole asbestos
(Na1.96Ca0.03K0.01)2(Fe2+

2.34Fe3+
2.05Mg0.52)4.91(Si7.84Al0.02)7.86

21.36(OH)2.64] with minor impurities of hematite, magnetite,
nd quartz; mean length = 19(1) �m;  mean diame-

er = 0.7(2) �m;  (3) fibrous erionite from Jersey, Nevada (USA)
(Na5.31K2.18Ca0.15Mg0.11Fe3+

0.29)8.04(Si27.84Al7.85)35.69O72·
8.13H2O] with impurities of clinoptilolite; mean length = 4(1) �m;
ean diameter = 0.8(1) �m.  These fibre species were characterized
weeks of ct, with a globular clusters at one or both ends of the fibres (inset panel);
(c) a peculiar granular AB recovered through digestion process of the inoculated
pleural tissue.

elsewhere in terms of chemistry, mineralogical composition, fibre
size, surface area and activity [38,39].

The fibres studied here are embedded in unique histological
slides of rats investigated during a past long term project for the
determination of the carcinogenicity of mineral fibres conducted
by the Ramazzini Cancer Research Institute (Bentivoglio, Bologna,

Italy). The description of the in vivo experiments and the details of
the experimental part are reported as Supplementary material 1.
For the in vivo tests on Sprague–Dawley rats, single 25 mg injec-
tion of each mineral fibre in 1 ml  of H2O was delivered [40]. For
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he injection in the pleural/peritoneal space of the rats, the cal-
ulated number of fibres in 25 mg  was 3.2 × 109 ff for chrysotile,
.0 × 109 ff for crocidolite, and 5.9 × 109 ff for erionite, respec-
ively. The in vivo study was conducted 26 years ago [40] and the
njected fibres were not counted at that time before the injection
rocess. Hence, the number of injected fibres reported above was
ot experimentally determined before the injection step but was
heoretically calculated from the measured size and diameter dis-
ribution, assuming ideal densities. For this reason, it is possible
hat inaccuracies occur and it is likely that the figures reported in
ef. [41],(see Ref. [42] for the characterization of the UICC chrysotile
bres) are much more accurate as far as the determination of the
umber of fibres per mass. As a matter of fact, that study, con-
ucted using a cyclone which removed much of the bundles of
bres which exist in the bulk sample, demonstrated that for equal
ass, there are 11 times more chrysotile fibres than crocidolite

n the air (chrysotile: 3.48–1.5 = 1.96 mg/m3; 6953 total fibers/cm3

nd 1 mg/m3 > 3547 fibres/cm3; crocidolite 6.34 mg/m3; 2013 total
bres/cm3 and 1 mg/m3 > 317 fibres/cm3) [41].

The detailed observation of the fibres in the organic tissues was
erformed using a FEI Quanta Nova NanoSEM 450 and a FEI Quanta
EG 450 SEM instruments. Micro-Raman spectra of selected fibres
nd ABs were also collected employing a DXR Raman spectrometer
Thermo Scientific).

. Results

.1. Asbestos bodies

Remarkable variations in size and morphology of ABs formed on
hrysotile fibres are detected [43]. Size lengths from 1.5 to 20 �m
nd diameter ranges from 0.6 to 15 �m.  Although the variety of
bserved shapes is not great for chrysotile fibres, very large struc-
ures as long as 50–60 �m are also observed in correspondence to
he termination of the chrysotile bundles (Fig. 1a). Fig. 1b shows

 globular structure that tends to develop on a fibre without a
ell-defined shape. Another curious example of AB formed on a

hrysotile fibre is shown in Fig. 1c. The coating of the fibre may
ccur in successive steps (Fig. 1d).

All examined ABs have similar chemical composition with Mg,
i, and low Fe content. In case of secondary deposition, the chem-
stry of the outer layers does not change (Fig. 2a,b and Table 1a)

ith respect to the core. EDS spectra show low Fe contents in both
bres and asbestos bodies, in agreement with the low Fe content
f chrysotile fibres [38,39]. Si decreases drastically from the core
f the chrysotile fibre to the periphery of the AB. EDS qualitative
ata of chrysotile fibre after 65 weeks of contact/residence time
ct) (Table 1b, relative to a representative coated fibre) is compa-
able to EDS data collected from a raw chrysotile fibre indicating

inor chemical variations of the coated fibre. Other elements like
 and Ca are associated with the coating. �-Raman spectra taken
n ABs of both chrysotile (Fig. 3a) and crocidolite (Fig. 3b) display
he typical pattern of apatite.

The length and diameter of the Abs in chrysotile show a minor
ositive trend with ct (see Table 1c). Variation of the chemistry
nd shape of the ABs with time is not found. Uncoated fibres are
etected in all the examined samples with the percentage of coated
bres being 3.3%.

In UICC crocidolite, the size of ABs varies in length from 4 �m to
5 �m,  and diameter from 4 �m to 8 �m.  ABs are predominantly

ormed on long asbestos fibres. Eventually, segmentation affects
oth ABs and the fibres (Fig. 4a). The bodies on crocidolite fibres
ccur in a variety of forms, tend to vary from cylindrical to elliptical
Fig. 4b), and may  produce globular clusters at one or both ends of
Fig. 5. Black circles = spots of EDS semi-quantitative analyses along the longitudinal
section of an AB from crocidolite after 41 (a) and 80 weeks (b) of ct in the tissues.

the fibres (inset panel in Fig. 4b); granular structures were also
observed (Fig. 4c).

The diameter of the ABs in crocidolite show a minor negative
trend with ct (see Table 2c) whereas the length of the fibres is nearly
constant. Significant chemical variations of the ABs of different cts
has not been recorded. Even for crocidolite, most of the observed
fibres are uncoated. The percentage of coated fibres is 5.7%.

Examples of EDS spot analyses for the crocidolite fibres after
41 and 80 weeks of ct, representative of all the investigated fibres,
are reported in Fig. 5a,b and Table 2a,b. Mg, Si, and Fe are associ-
ated with the crocidolite fibres whereas Fe, P and Ca are associated
with the coating (made of apatite: see Fig. 3b). The Fe and Si con-
tent decreases from the core of the fibres to the marginal regions.
Secondary elements like K, S, and Ti may  be part of the ABs.

Regarding erionite, ABs have not been observed in any samples
at any ct.

3.2. Mineral fibres

The mean length of chrysotile fibres ranges from 14.3 to 15.8 �m
(Table 3a) with diameters in the range 0.45–0.54 �m.  A trend of
decrease of both fibre length and diameter with ct in the rat tissues
is observed. Surprisingly, the crystal habit does not seem to change
with ct. The average size of chrysotile fibres that could produce ABs
is 29.6 �m in length and 0.5 �m in diameter. As shown above, the
ratio of coated to uncoated fibres is 3.4%. Such ratio does not change
with time (Fig. 6).

The EDS spot semi-quantitative analyses of fibres with different
ct show an increase of the Si:Mg ratio with respect to the stan-

dard chrysotile UICC (UICC: 1.49; 71 weeks: 1.50; 80 weeks: 2.09;
128 weeks: 3.90). In vivo leaching process increases the Si:Mg ratio
with respect to standard fibres [44]. Although Mg  leaching should
be accompanied by loss of crystallinity of the fibres, the Raman



100 N.B. Gandolfi et al. / Journal of Hazardous Materials 306 (2016) 95–104

Table 1
EDS spot semi-quantitative analyses of: (a) an AB on a chrysotile fibre after 80 weeks of ct in the peritoneum (Fig. 2a); (b) an AB on a chrysotile fibre after 65 weeks of ct in
the  peritoneum (Fig. 2b);(c) Evolution of the length and diameter of ABs on chrysotile with ct inside the histological tissue.

(a)
EDS spot nr. Element weight fraction (%)

Mg  Si P Ca Fe

1 7.41 4.98 9.09 20.62 0.76
2  1.04 0.98 10.44 30.58 0.08
3  0.66 1.78 11.38 29.91 –
4  1.00 1.32 10.47 22.99 –

(b)
EDS  spot nr. Element weight fraction (%)

Mg  Si P Ca Fe

1 3.63 2.32 9.20 18.53 0.36
2  0.53 0.53 10.84 22.31 0.49
3  0.31 0.38 8.72 22.94 0.36
4  0.30 0.53 10.00 23.24 0.21
5  0.27 0.54 9.00 19.99 0.27
6  0.45 0.40 6.85 16.96 0.46
7  0.25 0.53 5.39 15.17 0.78

(c)
Value  Weeks of contact time

71 80 128

Length (�m) Diameter (�m) Length (�m) Diameter (�m) Length (�m) Diameter (�m)

Mean 4.770 2.116 4.637 1.979 5.405 2.317
Standard error 0.199 0.084 0.183 0.069 0.175 0.101
Standard deviation 1.692 0.717 1.550 0.586 1.484 0.856
Median 4.380 2.008 4.024 1.786 5.010 2.182
Number of counted ABs 106 202 103

Table 2
EDS spot semi-quantitative analyses of: (a) an AB coating a crocidolite fibre after 41 weeks of ct in the peritoneum (Fig. 5a); (b) an AB coating a crocidolite fibre after 80
weeks  of ct in the peritoneum (Fig. 5b); (c) evolution of the length and diameter of ABs on crocidolite with ct inside the histological tissue.

(a)
EDS spot nr. Element weight fraction (%)

Mg  Si P Ca Fe

1 0.43 3.86 7.55 19.37 9.26
2  0.80 1.96 10.28 20.14 4.19
3  0.48 1.08 8.32 19.39 2.69
4  0.29 1.00 8.16 19.10 2.36
5  0.30 0.99 5.47 10.68 1.99

(b)
EDS  spot nr. Element weight fraction (%)

Mg  Si P Ca Fe

1 0.27 3.76 3.46 8.83 4.11
2  0.07 1.46 8.09 18.93 3.73
3  0.23 1.62 8.13 18.78 3.8
4  - 1.57 8.03 21.00 3.68
5  0.34 1.19 5.26 14.67 3.85
6  0.26 1.51 4.14 9.89 10.58

(c)
Value  Weeks of contact time

38 73 109

Length (�m) Diameter (�m) Length (�m) Diameter (�m) Length (�m) Diameter (�m)

Mean 9.254 4.498 9.473 4.487 8.994 3.449
Standard error 0.434 0.218 0.405 0.165 0.446 0.160

3.434
9.135
114 

s
p

Standard deviation 3.434 1.850 

Median 8.746 4.058 

Number of counted ABs 108 
pectra (Fig. 3c,d) confirm that crystallinity of most of the fibres is
reserved.
 1.397 3.624 1.297
 4.156 7.656 3.110

136
The mean length of crocidolite fibres ranges from 13.7 to
18.6 �m (Table 3b) with diameters in the range 0.54–0.71 �m. Con-
cerning the crystal habit, no great variations are observed with
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Table  3
(a) Evolution of the length and diameter of the fibres with ct inside the histological tissues: (a) chrysotile; (b) crocidolite; (c) erionite.

(a)
Value Weeks of contact time

71 80 128

Length (�m) Diameter (�m) Length (�m) Diameter (�m) Length (�m) Diameter (�m)

Mean 15.76 0.54 15.23 0.51 14.30 0.45
Standard error 0.38 0.01 0.31 0.01 0.35 0.01
Standard deviation 8.46 0.19 5.96 0.18 5.84 0.15
Median 14.26 0.51 15.04 0.48 13.25 0.43
Number of counted ABs 494 368 274

(b)

Value Weeks of contact time

38 73 80 109

Length (�m) Diameter (�m) Length (�m) Diameter (�m) Length (�m) Diameter (�m) Length (�m)  Diameter (�m)

Mean 18.59 0.71 15.28 0.64 15.56 0.65 13.68 0.54
Standard error 0.44 0.01 0.34 0.01 0.48 0.02 0.32 0.01
Standard deviation 13.88 0.29 10.90 0.25 17.22 0.78 9.26 0.39
Median 17.38 0.67 14.29 0.60 14.67 0.60 11.01 0.49
Number of counted ABs 1003 996 1249 819

(c)
Value  Weeks of contact time

47 53 95 126

Length (�m) Diameter (�m) Length (�m) Diameter (�m) Length (�m) Diameter (�m) Length (�m)  Diameter (�m)

Mean 3.61 0.77 2.98 0.81 2.53 0.75 3.67 0.98
Standard error 0.12 0.03 0.06 0.02 0.10 0.04 0.07 0.03
Standard deviation 2.06 0.45 1.66 0.56 1.29 0.49 1.79 0.69
Median 3.24 0.70 2.63 0.70 2.28 0.66 3.42 0.85
Number of counted ABs 270 664 170 662
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human inhalation as no fibre sorting through the upper respiratory
Fig. 6. Ratio of coated to uncoated fibres for both chrysotile and crocidolite.

t. The average size of crocidolite fibres that could produce ABs
s 41.0 �m in length and 0.86 �m in diameter. As shown above,
he ratio of coated to uncoated fibres is 6.0 and does not change
ith time (Fig. 6). The chemistry of the crocidolite fibres under-

oes minor variations with ct in the rat tissues. The Raman spectra
Fig. 3e,f) confirm that crystallinity is kept even at greater cts.

Regarding the erionite fibres, they display a typical fibrous habit
ith stocky short fibres (Fig. 7). The calculated mean fibre length

anges from 2.7 to 3.7 �m (Table 3c) and the diameters are within
he range 0.75–0.98 �m.  Both fibre length and diameter apparently
o not change with ct in the rat tissues. Similarly to crocidolite, the
DS spot semi-quantitative analyses show that the chemistry of the
rionite fibres undergoes minor variations with ct in the rat tissues.

he Raman spectra (Fig. 3g,h) of the fibres in contact for a short and

 long time also confirm that crystallinity is preserved.
Fig. 7. Representative cluster of erionite fibres in the tissues after 95 weeks.

4. Discussion

Although prudence must be taken in extrapolating results based
on instillation in experimental animals to human inhalation [31],
the results of this study may  be of help to better understand the
mechanism of formation of ABs in chrysotile, crocidolite, and eri-
onite. The authors are aware of major points of concerns that may
bias the results of this study: (i) similarly to inhalation induced
studies [45], the fibre burdens due to injection process in the
intrapleural/intraperitoneal space of the rats may  be excessive or
unreliable if compared to both nasal inhalation in the rats and
tracts occurs; (ii) unequal dosing based on number of fibres per
mass for chrysotile with respect to crocidolite and erionite during
injection would likely not represent what humans would be actu-
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Fig. 8. Plot of the original structural Fe content of the three fibre species as deter-
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defensive mechanism (fibre coating and isolation) for different rea-
ined from the chemical analysis (both ferrous and total Fe) vs. calculated ellissoidal
olume of the ABs at the end of the experiments.

lly exposed to; (iii) there may  be a fibre aggregation effect during
nstillation to form sort of fibre bundles that would be very unlikely
o reach the intrapleural/intraperitoneal space if normal inhalation
akes place.

We  have not seem noteworthy differences in the ABs formed
n the pleural and peritoneal cavity so the discussion will concern
oth sites. ABs appear in chrysotile and crocidolite in less than 40
eeks but do not form on erionite fibres. Such short times of for-
ation are in line with literature data [16]. It is generally accepted

hat the kinetics of formation and time evolution of ABs in rats and
umans are comparable although it is out of the aims of this work
o understand why humans, hamsters, guinea pigs form ABs effi-
iently with respect to other animals like cats, rabbits, mice and
ats which are poor AB formers [46].

ABs observed around chrysotile and crocidolite fibres are gen-
rally smaller (<20 �m and <25 �m for chrysotile and crocidolite,
espectively) than those reported in the literature (20–50 �m in
ength) [6,8]. On the other hand, diameters are comparable [6]. The
atio of coated to uncoated fibres is 3.4% and 6.0% for chrysotile and
rocidolite, respectively. ABs nucleate at the surface of fibres longer
han 10 �m such as chrysotile (mean length of 15.05 �m)  and cro-
idolite (mean length of 16.15 �m).  If fibre length seems to play a
ey role, apparently diameter does not.

ABs are not found in the tissues inoculated with erionite fibres
mean length of 3.2 �m).  This result is apparently in contrast with
he literature data. In fact, it is known that erionite fibres can
orm bodies morphologically identical to typical ABs [47]. ABs were
bserved in BALF of villagers of Tuzköy (Turkey) exposed to erion-

te. The erionite fibres from Tuzköy are much longer (65.7% of the
bres had a diameter greater than 4 �m)  than the erionite fibres

rom this study. Hence, ABs do not form on our erionite fibres
ecause the size of the fibres is much shorter than 10 �m and
hagocytosis actually occurs.

There is no correlation between iron content of fibres and the
umber of coated fibres. On the other hand, the original structural
ontent of Fe of the chrysotile, crocidolite and erionite fibres (both
errous and total Fe) seems to affect the size of the ABs in terms of
alculated ellissoidal volume (see the correlation in Fig. 8, despite
he poor statistical significance due to the limited number of obser-
ations). The slight overestimation of the volume of the chrysotile

Bs is due to the fact that ABs of other chemical nature (mainly Ca
hosphate) are also included in the total calculated volume. Hence,
e of the fibres may  act as active pool and co-factor for the growth
us Materials 306 (2016) 95–104

of FeOOH or FeOOPO3H3 forming the coating but not as key factor
for the nucleation of the AB.

It is known that the surface charge of the fibres in terms of �
potential may  also play an important role in the formation of ABs
as a negatively charged reactive surface favours the binding of col-
lagen and redox activated Fe-rich proteins [48]. In a previous paper
[38], we  have measured the � potential of these three fibres and
found positive values for chrysotile and negative values for cro-
cidolite and erionite. All fibres display negative values in contact
with a Gamble solution mimicking the acidic macrophage chemi-
cal environment. If we compare those results with the formation
mode and number of formed ABs, no relationship is found with the
surface charge of the fibres.

ABs only nucleate on long fibres that cannot be engulfed and
subject to complete phagocytosis. The first defence mechanism
of the organism is the engulfment acted by phagocytes (namely
macrophages) which successfully engulf the fibres shorter than
their mean diameter and promote their dissolution by intracellular
phagocytosis (see for example Liu et al [48]). Phagocytosis occurs
inside lysosomes vacuoles which develop an acidic chemical envi-
ronment (pH = 4–4.5) in the attempt to dissolve the fibres. Although
physical engulfment is successful, this mechanism in principle per-
mits to effectively dissolve only chrysotile fibres (not stable in
acidic environment) but not crocidolite and erionite (both resis-
tant to acids) [49,50]. This is the reason why  even though complete
engulfment of short fibres occurs and phagocytosis is apparently
successful, such fibres cannot be dissolved.

When the fibres are longer than the mean diameter of the
phagocytes (generally assumed >10 �m),  frustrated phagocyto-
sis accompanied by inflammatory burst occurs with release of
highly reactive cyto- and geno-toxic toxic substances extracellu-
larly. At this point, coating and AB formation occurs, as secondary
defence mechanism, aimed at isolating the toxic reactive fibre. The
diminished oxidants’ generation and reduced toxicity of coated
fibres with respect to uncoated fibres has been reported by many
authors [8,16] so that AB was  called the tombstone of the asbestos
fibre [51,52]. Unfortunately even the second defence mechanism
appears to be poorly effective as we  observed that only few fibres
are efficiently coated.

Although quantification of the coated fibres vs. uncoated fibres
may  be biased by excessive fibre burden due to instillation, the lim-
ited number of observed coated fibres should be due to the lack of
nutrients to form the asbestos coating, specifically Fe, P and Ca.
Because of the chemical stability of the fibres (especially croci-
dolite and erionite) in contact with the tissues, release of active
nutrients such as Fe is poor and cannot promote massive nucle-
ation and growth of ABs. Hence, the source of Fe (but also P and
other elements) to form the hemosiderin and porphyrins rich core
of ABs must be organic, likely provided by cytoplasmic ferritin from
phagocytes or from ferritin circulating in plasma. This model has
been already predicted by Ghio et al. [8] who  excluded that iron
is from the fibre but from several possible intracellular sources
of Fe3+ (such as iron associated with adenosine-tryphosphate ATP,
DNA and others) that accumulates onto the fibre surface. Of course,
nutrients are physiologically limited in the organism and are likely
not sufficient to provide coating of all asbestos fibres.

As anticipated, ABs are not observed on erionite fibres because
these fibres are very short and complete phagocytosis actually does
occur. As explained above, the second mechanism of defence is not
necessarily invoked.

In all cases, mesothelioma invariably develops because both
primary defensive mechanism (phagocytosis) and secondary
sons are poorly effective.
We have seen that a significant number of observed ABs are

actually composed of Ca and P (apatite: see Fig. 3a and b). Such
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lements must also be provided by the phagocytes and released
oth intracellularly and extracellularly. We  cannot exclude that
a and P form the primary nuclei of the AB. Governa and
osanda [53] suggested that the fibres are initially coated with
cid mucopolysaccharide and that Ca-apatite may  subsequently be
eposited. Brody and Hill [54] also observed interstitial precipitates
microcalcifications) from asbestos exposed wild-type rats after 1

onth from the 1 h exposure. It is not possible to rule out the pres-
nce of other crystalline forms such as Ca-oxalate (CaC2O4) which
ay  also form ABs according to Le Bouffant et al. [55]. Koerten et al

16]. found chlorine associated to Ca and P. We  also found the same
esult but the presence of chlorine in our samples is probably due
o the digestion process of the organic material which was  obtained
sing NaCl.

. Conclusions

The results of this work are an attempt to shed some light on
he mechanism of formation of ABs in chrysotile, crocidolite, and
rionite. It is important to remark that caution must be taken in
xtrapolating our results, based on instillation in animals, to human
nhalation [31], as sources of bias may  stem from improbable bur-
ens of unsorted fibres in the intrapleural/intraperitoneal and fibre
ggregation during the instillation procedure.

ABs are observed in chrysotile and crocidolite inoculated tissues
f wild-type rats in less than 40 weeks but do not coat erionite fibres
ecause their size is very short and phagocytosis is apparently suc-
essful. ABs observed around chrysotile and crocidolite fibres are
enerally smaller than those reported in the literature while diam-
ters are comparable. The ratio of coated to uncoated fibres is 3.4%
nd 6.0% for chrysotile and crocidolite, respectively, in agreement
ith the literature data.

ABs do not form on very short fibres but nucleate at the surface of
bres longer than 10 �m.  The content of Fe of the fibres apparently
oes not govern the amount of coated fibres whereas it seems to
ffect the size of the ABs in terms of calculated ellissoidal volume.

The model we have drawn predicts that ABs nucleate only on
ong fibres that cannot be engulfed. The first defence mechanism
f the organism is the engulfment acted by phagocytes of fibres
horter than their mean diameter and dissolution by intracellu-
ar phagocytosis. Although physical engulfment is successful, this

echanism actually permits to effectively dissolve only chrysotile
bres but not crocidolite and erionite. So, even though complete
ngulfment of short fibres occurs, such fibres cannot be dissolved,
ventually promoting inflammatory activity and release of highly
eactive cyto- and geno-toxic toxic substances. When the fibres
re longer than the mean diameter of the phagocytes, release of
ighly reactive toxic substances occurs extracellularly. In this event,
he second defence mechanism of the organism, coating process
ith AB formation, is invoked. Regrettably even the second defence
echanism appears to be of reduced potential as only few fibres are

fficiently coated. We  believe that the small number of coated fibres
s due to the limited source of nutrients provided by cytoplasmic
erritin from phagocytes or from ferritin circulating in plasma.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.jhazmat.2015.11.
50.
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