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HIGHLIGHTS

e Iron nuclearity of mineral fibres has
been assessed from the analysis of UV-
Vis spectra.

e Mineral fibres display very different iron
nuclearity depending on their structure
model.

e A model explaining the catalytic activity
of iron is proposed.

o Fibres containing isolated Fe®* have
higher capacity for producing toxic free
radicals.

e Iron nuclearity supports the FPTI quan-
titative model for predicting the toxicity
of mineral fibres.
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ABSTRACT

Chronic inflammation induced in vivo by mineral fibres, such as asbestos, is sustained by the cyclic formation of
cytotoxic/genotoxic oxidant species that are catalysed by iron. High catalytic activity is observed when iron
atoms are isolated in the crystal lattice (nuclearity=1), whereas the catalytic activity is expected to be reduced or
null when iron forms clusters of higher nuclearity.

This study presents a novel approach for systematically measuring iron nuclearity across a large range of iron-
containing standards and mineral fibres of social and economic importance, and for quantitatively assessing the
relation between nuclearity and toxicity. The multivariate curve resolution (MCR) empirical approach and
density functional theory (DFT) calculations were applied to the analysis of UV-Vis spectra to obtain information
on the nature of iron and nuclearity.

This approach led to the determination of the nuclearity of selected mineral fibres which was subsequently
used to calculate a toxicity-related index. High nuclearity-related toxicity was estimated for chrysotile samples,
fibrous glaucophane, asbestos tremolite, and fibrous wollastonite. Intermediate values of toxicity, corresponding
to a mean nuclearity of 2, were assigned to actinolite asbestos, amosite, and crocidolite. Finally, a low nuclearity-
related toxicity parameter, corresponding to an iron-cluster with a lower catalytic power to produce oxidants,
was assigned to asbestos anthophyllite.
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1. Introduction

The catalytic properties of a material can affect its toxicity. Low
catalytic toxicity can affect small microorganisms such as bacteria [2,3],
medium toxicity can affect abnormal cells [41], and high toxicity can
affect animals [4] and humans [51].

Iron is the most studied transition metal and its catalytic properties
and toxicity in vitro/in vivo are dependent upon its nuclearity [26].
According to the IUPAC [32] definition, nuclearity is the number of
central atoms (iron in this case) joined in a single coordination entity by
bridging ligands or metal-metal bonds. Hence, iron nuclearity can be
monomeric (single iron atom, no other iron atoms in the second shell),
dimeric (a cluster of two iron atoms, connected by one bridging oxygen
atom), trimeric (a cluster of three iron atoms, connected by several
bridging oxygen atoms), etc. [69].

Studies on the iron chemical environment in zeolite species have
highlighted isolated (Fe0)?>* monomeric structures as the preferred
catalytic active sites. They thus serve as primary sites for the production
of cyto-/geno-toxic oxidant species such as the hydroxyl radical HO® via
the Fenton reaction [30,38]:

Fe** + H,0, —» Fe** + OH + HO®

Paired Fe-O-Fe active species or FexOy clusters and clustered iron
with high nuclearity should exhibit reduced activity or be inactive [26].

Gualtieri [24,25] showed that iron nuclearity plays a role in the
quantitative model proposed for the assessment of the tox-
icity/pathogenicity potential of mineral fibres. This model is based on
the Fibre Potential Toxicity/Pathogenicity Index (FPTI) which takes into
account all the fibre parameters that induce the biological mechanisms
responsible for adverse in vitro and in vivo effects: morphometric (the
fibre length, width, crystal curvature, crystal habit, density, hydropho-
bic character of the surface, surface area); chemical (total iron content,
ferrous iron, surface ferrous iron/iron nuclearity, content of metals
other than iron); biodurability-related (dissolution rate, velocity of iron
release, velocity of silica dissolution, velocity of metal release); and
surface activity (zeta potential, fibre aggregation, cation exchange).

Iron nuclearity requires an in-depth analysis because now it is arbi-
trarily defined in the FPTI model as: (i) if iron (namely Fe®*h) displays
high nuclearity (> 2), it is assumed that the catalytic activity for pro-
ducing HO® is low and hence a low toxicity index of 0.02 is assigned; (ii)
if iron displays nuclearity = 2 (dimeric), it is assumed that the catalytic
activity to produce HO® is moderate and hence a low toxicity index of
0.03 is assigned; (iii) if iron is isolated (nuclearity = 1, monomeric), it is
assumed that the catalytic activity for producing HO® is high and hence a
high toxicity index of 0.07 is assigned. Understanding and quantitatively
determining iron nuclearity is thus of paramount importance in order to
rigorously define its role, reveal possible correlations with other iron-
related parameters (the total iron content and ferrous iron content),
and improve the model for the assessment of the toxicity/carcinoge-
nicity potential of mineral fibres.

The precise definition of iron nuclearity and the related catalytic/
toxicity properties of mineral fibres is very problematic. In general,
analysing the iron chemical environment in minerals is challenging due
to the diverse and complex nature of natural materials. Iron can exist in
multiple oxidation states, and its interaction with various ligands and
mineral matrices makes it difficult to characterize its chemical envi-
ronment. The presence of impurities, substitutions in the crystal lattice
and structure defectivity further complicate the analysis. The hetero-
geneity of natural mineral samples thus makes it challenging to obtain
representative data, and often the concentration of catalytically active
iron is close to or below the detection limits of the experimental
methods.

Besides the nature of the investigated materials, the paramagnetic
properties of iron pose challenges for certain spectroscopic techniques.
Traditional methods, such as X-ray diffraction, may provide valuable
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information on the mineral structure, but often fall short of offering
detailed insights into the iron’s chemical speciation. Advanced spec-
troscopic techniques such as Mossbauer spectroscopy and X-ray ab-
sorption spectroscopy (XANES, EXAFS) have been employed, however
they are not routine analytical methods and their application requires
sophisticated instruments and access to synchrotron facilities. For all
these reasons, the lack of a robust body of experimental data on the iron
chemical environment in mineral fibres has prevented its accurate
measurement and parametrization. Among the noteworthy case studies
within the literature, our current understanding, as authors, is primarily
informed by the following:

(1) Martra et al. [45] exploited infrared spectroscopy of NO probe
and UV-Vis-NIR spectroscopy to determine reactive iron sites at
the surface of crocidolite capable of producing free radicals. This
infrared method is based on the use of NO as a titrant of the
exposed (sub-surface) sites and exploits the affinity of NO to-
wards Fe?" and Fe3' centres, leading to the formation of
Fe*"(NO), nitrosyls characterized by intense »(NO) bands [69].
Martra et al. [45] managed to assign dimeric (dinitrosylic species
stabilized on highly coordinated unsaturated Fe?* ions) and
monomeric (mononitrosylic adducts on highly coordinated un-
saturated Fe?" centres) iron species, although problems of
interpretation arose due to the weak signals of the spectra. This
method has a sensitivity problem and cannot be applied to nat-
ural systems with a low iron content.

(2) Schwidder et al. [61] used UV-Vis diffuse reflectance spectros-
copy to analyse the iron site structure in synthetic Fe-ZSM-5 with
alow (<1.2 wt% Fe) iron content. The authors assigned the bands
at ~220 nm and ~285 nm to Fe>* <O charge transfer bands of
isolated iron ions in tetrahedral and octahedral coordination,
respectively (t; — tp/t; —e transitions unresolved). The band at
~350 nm and sub-bands above 400 nm were also assigned to
oligomeric clusters and large particles, respectively.

Pirngruber et al. [54] used UV-Vis spectroscopy to determine the

nuclearity of iron sites in synthetic Fe-ZSM-5 with a low con-

centration (<1% Fe). Fe®" cations were assigned to an isolated
octahedral environment, however, the authors expressed doubts
regarding the assignment and interpretation of the UV-Vis data.

Zecchina et al. [69] studied exposed Fe*' species in synthetic

Fe-silicalites with IR spectroscopy of NO moiety. Similar to case

(1), this method encountered sensitivity issues, particularly when

dealing with low iron concentrations.

Zecchina et al. [69] also investigated the structure of Fe*' species

and Fe2+(NO)n complexes in Fe-ZSM-5 and Fe-silicalite using

UV-Vis NIR spectroscopy. However, the UV-Vis spectra of NO

adsorbed-on Fe-silicalite activated in vacuum at 773 K they

lacked a detailed assignment of the UV-Vis bands in terms of
mono-, di- and tri-nitrosyl.

Borghi et al. [8] investigated iron-doped synthetic chrysotiles

using UV-Vis diffuse reflectance spectroscopy and EPR and

identified: (i) two isolated Fe3* sites, in tetrahedral and octahe-
dral coordination; and (ii) exchange-coupled Fe>" paramagnetic
ions in Fe,Oy clusters.
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The promising results obtained with UV-Vis spectroscopy on mineral
fibres [45,8] prompted us to systematically investigate a suite of
iron-containing synthetic and natural standards, including mineral fi-
bres, with UV-Vis spectroscopy to gain insights into both the oxidation
state and nuclearity. Our research includes three complementary
research lines of inquiry:

(i) We conducted ab initio calculations employing density functional
theory (DFT) to interpret UV-Vis spectra of iron atoms with
different nuclearity and oxidation states in different crystalline
matrices using a cluster approach, as detailed in Section 2.4. We
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Table 1
Natural and synthetic iron-containing samples used as standards with known iron oxidation states and chemical environments.
sample Origin sample purity chemical formula iron oxidation  iron chemical Iron
state environment mass (%)
ammonium iron oxalate Synthetic, Merck yes (NHy4)3[Fe(C204)3] Fe+ isolated 13.0
trihydrate -3 H,0
ammonium iron sulphate Synthetic, Merck yes (NH4)Fe(SO4)2 Fe?* isolated 11.6
dodecahydrate ‘12 H,0
goethite Synthetic, Bayer yes FeOOH Fe** Cluster (6 iron atoms in 62.9
the second shell)
hematite Natural, Elba island (Italy) yes Fe,03 Fe3* Cluster (6 iron atoms in 69.9
the second shell)
iron chloride Synthetic, Merck yes FeCls Fe* Cluster (4 iron atoms in 34.4
the second shell)
iron phosphate dihydrate  Synthetic, Merck yes FePO4-2 H,0 Fe3* isolated 27.9
iron sulphate hydrate Synthetic, Merck yes Fey(S04)3-Ho0 Fe* isolated 26.7
iron sulphate Synthetic, Merck yes FeSO4-7 H,0 Fe?* isolated 7.5
heptahydrate
magnetite Natural, Cogne, Aosta Valley (Italy)  yes Fe304 Fe?*, Fe* Cluster (6 iron atoms in 72.4
the second shell)
iron Natural, GEMMA 1786 museum yes Fe Fe Cluster (6 iron atoms in 100.0
mineral collection, Modena (Italy) the second shell)
kaolinite Natural, Washington County, yes Al3 e6Feg.07Tip.16 Fe* isolated 0.05
Georgia (USA) (OH)gSi4010
olivine Natural, Balmuccia, Vercelli (Italy) yes Mg s45Fen.1555104 Fe?* dimeric or trimeric 12.3
olivine calcined 1200 °C Natural, Balmuccia, Vercelli (Italy) Yes, hematite Mg g45Fe0.1555104 Fe* Cluster (6 iron atoms in 12.3
in air formed the second shell)
pyrope (iron-containing Natural, Piedmont, Italy yes Mg 7oFeq 15Ca0,04Al5,028i2.00012  Fe?™ Isolated (possibly 6.7
garnet) dimeric?)
pyroxene (iron- Natural, GEMMA 1786 museum yes Ca(Mg,Fe)Si,O¢ Fe?* Isolated (possibly 1.0?
containing diopside) mineral collection, Modena (Italy) dimeric?)
siderite Natural, Fabriano, Marche (Italy) yes FeCO3 Fe?* Cluster (6 iron atoms in 48.2
the second shell)
talc Borgotaro (Parma, Italy) yes Mg2.65Al0.01Fe0.12(OH)4Si4, 04010  Fe* Cluster < 0.1

also used studies of FTIR/RAMAN spectra of amorphous iron-rich
systems (see for example, [64]);

(ii) We examined the parameters extracted from the UV-Vis spectra
of the samples in search of trends dependent on the iron oxidation
state and nuclearity (see for example [37]);

(iii) We employed a spectral unmixing method, namely multivariate
curve resolution (MCR), to the UV-Vis spectra in order to develop
characteristic profiles of each iron form and to obtain a relative
concentration matrix for use in evaluating the state of iron in the
mineral fibres studied.

There are four main reasons why we selected a bulk technique such
as UV-Vis spectroscopy over surface-sensitive experimental methods: (1)
the high sensitivity of this bulk method in detecting iron in solid
matrices has been demonstrated in previous studies (see for example
iron in carbon nanotubes in [1]); (2) surface characteristics of specimens
can be contingent upon environmental conditions (sample preparation,
measurement of cell atmosphere, humidity) thereby introducing un-
predictable variability in surface measurements; (3) bulk measurements
are preferred over surface measurements for the FPTI model, which aims
to classify the potential toxicity/pathogenicity of a mineral fibre. This
preference is rooted in the need to prevent bias arising from sample
impurities which are almost invariably present at the fibre surface; (4)
the dissolution of mineral fibres in vitro/in vivo generally follows a
contracting volume kinetic model [27], and, as the dissolution reaction
proceeds, the original bulk of the fibre is transformed into the new
surface of the fibre.

In this work, for what we believe is the first time, we attempt to
classify mineral fibres of social and economic importance based on their
iron nuclearity which in turn affects the potential toxicity of the fibres.

UV-Vis spectroscopy was used to obtain information on the chemical
environment of iron. First, ab initio DFT modelling of selected ideal
standards with known chemical environments was used to produce
simulated patterns and to verify whether the shape of the UV-Vis spectra
changes with the iron chemical environment of the sample. The next

step was the qualitative analysis of the UV-Vis spectra to assess whether
the relationships hold for real samples of iron-containing standards and
mineral fibres. MCR was then used to quantitatively assess this depen-
dence and classify the mineral fibres in terms of iron nuclearity. The
features of the spectra of all the standards were plotted to search for
clusters with different iron chemical environments. In this way, it is
possible to predict the iron nuclearity of a sample from the signature of
the UV-Vis spectrum. This information is then used to calculate the iron
nuclearity-related toxicity parameter in the FPTI model to predict the
toxicity/carcinogenicity of mineral fibres.

2. Materials and methods
2.1. Theoretical background

This work is based on the assumption that iron nuclearity, which
influences the toxicity/pathogenicity potential of the carrier material,
shapes the profile of its UV-Vis spectrum. In the general case of iron,
there are three types of electronic transitions in the optical spectra of
Fe3+—containing minerals [63]:

— Fe3t ligand field transitions. The Fe(3d) atomic orbitals in octahedral
coordination are split into two sets of orbitals labelled t; and eg, and
the orbital energy separation is ruled by the crystal field splitting. In
the case of an isolated iron atom (monomeric), all of the transitions
from the ground state to the excited ligand field states are, in prin-
ciple, both spin and parity-forbidden. However, these transitions are
permitted through the magnetic coupling of the electronic spins of
the next-nearest neighbour iron atoms [44] as in dimeric, trimeric ...
assemblages.

- Ligand-to-metal charge-transfer transitions (LMCT), at energies
higher than most of the ligand field transitions, are described by the
molecular orbital theory [63]. This is ideally a monomeric case.

— Transitions resulting from the simultaneous excitation of
magnetically-coupled Fe®™ cations (as in dimeric/trimeric/...
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assemblages) which occupy adjacent sites. The magnetic coupling
generates new absorption features corresponding to the simulta-
neous excitation of two iron centres (Schugar et al., 1972) in double
exciton processes with spin-allowed transitions.

According to Sherman and Waite [63], in the case of
iron-oxides/hydroxides (composed of Fe,Oy cluster of iron atoms), ab-
sorption bands near 430, 360-380, and 290-310 nm correspond to
ligand field transitions of Fe3t (possible because of the magnetic
coupling). At wavelengths below 270 nm, absorption bands are assigned
to LMCT transitions, whereas the bands in the region 485-550 nm are
assigned to the excitation of an iron-iron pair (“double exciton
processes”).

Pirngruber et al. [54] confirmed that UV-Vis spectra contain infor-
mation on the electronic structure and symmetry of metal ions and that
intense bands at lower energies indicate iron clusters of higher nucle-
arity. Hence, UV-Vis absorption bands can be classified into three cat-
egories, yielding a qualitative indication of the nuclearity of the iron
species [49,53,54]: (i) isolated species absorbing at wavelength < 300
nm; (ii) small oligonuclear Fe,Oy clusters absorbing between 300 and
400 nm; (iii) FexO3 nanoparticles absorbing at wavelength > 400 nm.

In agreement with this, Borghi et al. [8] observed that in Fe>*-doped
synthetic chrysotile, the d-d transitions, which are forbidden for both
spin and Laporte selection rules, are permitted or assisted through the
magnetic coupling of electronic spins of next-nearest neighbour Fe3*
cations. These authors also reported that LMCT bands for the isolated
[FeOy4] tetrahedral group were observed in the 215-240 nm range, and
bands between 270-290 nm were detected for isolated octahedral
[FeOg] group, while due to octahedral Fe3* in cluster-like Fe,Oy species,
LMCT bands were found between 300 and 400 nm.

2.2. Standard materials and samples: characterization and iron chemical
environment

Table 1 reports the list of iron-containing samples used as standards
in this study. For each sample, iron oxidation state and nuclearity were
estimated a priori. Table 1 includes the origin of the samples, the
chemical formula, the information on the structure of the iron site and
its content.

Besides the standard samples, a selection of relevant mineral fibres
were collected in order to predict the iron chemical environment and
nuclearity: actinolite asbestos from Aurina Valley, Bolzano (Italy) with
the following chemical formula KggoNag g5(Nag0gCai.g2)s—2.00
(Mg3.soFed 7oFed 11Alo.20Mno,05Ni0.02Cr0.01)s—4.98  (Siz.67Al0.25)5-7.92
02169 (OH)231 [58]; amosite from Penge mine, Northern Province
(South Africa): (Cag.02Nap.01)(Feg 56Mg1 4sFed 11Mno.06)5-7.01
(Si7_93A10.01)227'94021_94(OH)2_06 [55], UICC standard anthophyllite
asbestos (Finnish NB #4173-111-5) from Paakkila (Finland):
Ca,.04(Mgs 81Fed 5oFed 51Mno 045 —6.98(Si7.83A10.02)5 -7.85021.63(0H)2. 37
[60]; chrysotile from Balangero mine (Turin, Italy): (Mgs,glFez'
Jr0_15A10_271:"68.46901‘0_01)Sig'_9701()(OH)7.11 [59], commercial chrysotile
from Yasniy mine, Orenburg Minerals (Russia): (Mgs739
Fe{ 354Fed 380Al0.068Cr0.010Ni0.011)Si3.0640100Hs [12]; the UICC stan-
dard crocidolite South African NB #4173-111-3:
(Nay.96Ca0.03Ko0.01)s—2(Fe3 54Fe3 bsMgo 52)
5-4.91(Si7.84Al0.02)5—7.86021.36(OH)2.64 [55]; fibrous glaucophane from
San Anselmo, Marin County (CA, USA): (Naj 61Ca
0.43K0.01)z-2.04(Fef 51Fed 70Mg.01Al1 00Mno,.06)5—5.08Sis.00022(OH)2
[14]; tremolite asbestos from the Ultrabasic Lanzo Massif in the Occi-
dental Alps (Lanzo Valley, Piedmont): (Caj.91Nag 06Ko.01)s
—1.08(Mg4 71Fed hoFed hsMno.02)s—5.03 (Sig.01Al0.02)s-8.03 O22.14(0OH)1.86
[55]; and commercial fibrous wollastonite NYAD G from
Willsboro-Lewis (New York, USA): Cag.oo7Fe3hosFedhoaMno 003
Mg0.001S5i0.97903 [13].

Each sample was ground in agate mortar, or with cryo-milling when
necessary, using a Retsch mixer mill MM 400 (Diisseldorf, Germany).
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The powders obtained were used for the UV-Vis experiments.
2.3. DR-UV-Vis spectroscopy

Diffuse reflectance (DR) UV-Vis spectra were acquired in the
200-800 nm range, using a UV-VIS-NIR (JASCO V-570) spectropho-
tometer equipped with an integrating sphere attachment (JASCO model
ISN-470) to analyse the powder samples. BaSO4 was used as a reference.
The bandwidth was set at 10 nm, and the scan speed was 400 nm/min.
For each measurement, 100 mg of the sample were used, ground as
homogeneously as possible.

2.4. Ab initio calculations of selected standards

Ab initio calculations are state-of-the-art methods to predict the
molecular and materials structure and properties which can be related to
the activity of various harmful cells, bacteria, and hazardous chemicals
such as inflammatory substances, exploiting quantitative structure-
activity relationships models. For example, Alimirzaei and Kieslich [5]
developed a machine learning-based model to quantitatively predict
anticancer activities before the experimental chemical design, which
was subsequently applied to antiviral peptides [36].

In our study, because the focus is on the chemical state of iron to
indirectly predict its toxicity potential, quantum chemistry calculations
were employed. These calculations were used as the basis to interpret
the electronic (UV-Vis) absorption spectra of selected standard minerals
with the specific chemical environments of iron. Basically, with all the
obvious limitations imposed by the fact that the models are created from
simplified ideal structures, these calculations are intended to quantita-
tively confirm whether the position and intensity of the absorption
bands depend on the chemical environment of iron.

Ab initio calculations were also conducted to investigate HyO»
splitting on silicate models with different levels of iron nuclearity.

For the simulation of UV-Vis spectra, we used time-dependent den-
sity Functional calculations (TDDFT) using Gaussian 16 [19]. We
adopted non-periodic models (i.e. clusters) extracted from experimental
crystal structures. The Becke-three parameter exchange functional (B3)
in conjunction with the Lee-Parr-Yang correlation functional (LYP) [39,
7] were used. The investigated standards with the distinctive iron
chemical environment are iron phosphate dihydrate with isolated Fe3*
atoms; iron sulphate with isolated Fe?* atoms; goethite (Fe**O(OH))
with a cluster of six iron atoms in the second shell; siderite (Fe2+CO3)
with a cluster of six iron atoms in the second shell and carbon-bonded
oxygen atoms in the first shell. Details on the models are reported in
Supplementary Information 1.

Each model contains two iron cations, along with the surrounding
anions and/or molecules. As iron is present in all the minerals studied
here, the combined electron-core potential and valence basis-set
LANL2DZ was used, which has been extensively validated for transi-
tion metal atoms [16,48,47,67].

To explore the effect of Fe> nuclearity on H,0, splitting, we used
periodic DFT calculations on slab models of the most stable (010) face of
the forsterite mineral (MgsSiO4) [11]. The (010) face of forsterite has
been taken as a prototype for possible facets in mineral fibres. It is also
an ideal matrix to test iron nuclearity because forsterite is the magne-
sium end-member of the olivine mineral (Mg,Fe2+)ZSiO4), a solid solu-
tion with Fe?" replacing Mg2* in the octahedral cavities. The models
built and used are reported in Supplementary Information 2. We
generated a slab of 3 SiO4 units with a 1 x 2 supercell (area of 5.992
x9.524 A?) by cleaving from the bulk unit cell. The slab terminates with
Mg>* ions. Starting with this slab, we generated other two models by
substituting 1 and 2 Mg?" ions with Fe2". All the models were optimized
using the PBE functional [52] using Norm-Conserving Pseudopotentials
with a kinetic energy of 900 eV and a Monkhorst-Pack grid 2 x 1 x 1.
The CASTEP code was used for these calculations [62]. To correctly
describe the localized behaviour of the iron 3d-orbital and reduce the
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Fig. 1. The DR-UV-Vis spectra, in the 200-800 nm region, of selected standards
with distinctive iron chemical environment. Legend: (a) iron phosphate dihy-
drate with isolated Fe3* atoms; (b) iron sulphate with isolated Fe®* atoms; (c)
goethite (Fe>*O(0OH)) with a cluster of 6 iron atoms in the second shell; (d)
siderite (Fe2*CO3) with a cluster of 6 iron atoms in the second shell and carbon-
bonded oxygen atoms in the first shell.

Self Interaction Error, we used a Hubbard parameter of 4.0 eV on 3d
orbitals of iron [42]. Lastly, on the optimized models, we studied the
adsorption mode and the thermodynamics of HyO3 splitting.

2.5. Preliminary analysis of the UV-Vis spectra

Exploratory analysis of parameters extracted from UV-Vis spectra
was performed to qualitatively assess whether correlations or clustering
trends could be identified with respect to the iron oxidation state and
nuclearity, and to provide indications for subsequent quantitative ana-
lyses. Various parameters were thus calculated from the raw, normal-
ized, and first derivative UV-Vis data, and respective scatter plots were
examined.

The following parameters were tested: mean Kubelka-Munk (KM)
value in the 200-800 nm range of the raw, normalized, and first de-
rivative data; the wavelength corresponding to the maximum of the
most intense absorption band located in the 200-800 nm range of the
raw, normalized and first derivative data; and the position (nm) of the
inflection point of the absorption band in the 200-800 nm range of the
raw and normalized data. In addition, the iron mass percentage of the
samples was also considered.

2.6. Multivariate Curve Resolution (MCR) to resolve the profile from UV-
Vis spectra

Multivariate Curve Resolution — Alternating Least Squares (MCR-
ALS) [10,34] is a well-established method for spectral unmixing aimed
at recovering the spectral profiles of single components (pure constitu-
ents) in complex unresolved/unknown mixtures. MCR is a decomposi-
tion method that can extract pure contributions from overlapping
signals. This approach is very useful for the analysis of spectroscopic
data generated by complex matrices, as in our case, where the spectra
collected consist of the UV-Vis absorbance contributions of multiple
mineral fibres in each analysed sample. In fact, its ability to deal with
overlapping spectral bands, namely their deconvolution, makes it suit-
able for the extraction of information related to the distinction among
different nuclearity contributions.

Unlike principal component analysis (PCA) decomposition, MCR-
ALS assumes that the data (D) follow a Lambert-Beer model (D is seen
as a mixture of pure signals in different ratios): D = CS” + E. In the
decomposition, S is a matrix that contains the pure contributions (i.e the
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resolved spectra), while C holds the concentrations (their “mixing ra-
tios”), and E holds the part of D that is not modelled. Thus, MCR can also
result in an efficient filtering method since undesired sources of vari-
ability - such as noise or background effects - can be efficiently removed,
either ending up in the residual matrix E, or being explicitly modelled in
specific components that describe baseline variations, etc.

Unlike curve fitting methodologies, pure spectral profiles do not
need to be known a priori. The ALS algorithm is started by initially
guessing either the S (selected in this work) or the C matrix, which can
be random, but is usually estimated by the SIMPLISMA method [68], as
in the present work. However, the MCR-ALS solution is not unique
(rotational ambiguity), unless constraints are defined. These can be set
based on the data/process studied. In this case, non-negativity in C and S
profiles is imposed. The choice of the number of components is based on
inspection of a plot (eigenvalues vs. component number) from a pre-
liminary PCA model and on matching resolved profiles with reference
ones from the analysed standards. MCR-ALS was applied on the
KM-corrected spectra, as the absolute intensity may vary with instru-
mental sessions. Using MCR-ALS for feature extraction (i.e. relative
concentration of the different resolved phases) overcomes the challenge
of interpreting complex spectra. This is because the resulting pure pro-
files are more easily interpretable.

To assess the model’s performance, the concentration values for a
test set (mineral fibres whose UV-Vis spectra were subsequently ac-
quired) were predicted by inverting the MCR decomposition equation.

The MCR analysis was conducted using the freeware MCR MATLAB
GUI v. 2.0 [34].

3. Results and discussion

To determine iron nuclearity, we systematically collected the UV-Vis
spectra of standards with known nuclearity (see Fig. 1), interpreted
them using DFT calculations in order to correlate the shape and features
of the pattern to the iron oxidation number and nuclearity and devel-
oped a multivariate curve resolution (MCR) model. We thus obtained a
pure spectral profile of each iron structure and their relative concen-
trations in the samples (which are the MCR features extracted from the
spectra). This model was subsequently applied to obtain information on
the iron nuclearity of mineral fibres with known toxicity and carcino-
genicity potential, but with little information on the iron nuclearity.

3.1. Ab initio calculations of selected standards

As shown in Fig. 2, TD-DFT calculations enable a qualitative recovery
of the spectral shape and profile of selected compounds, often with a
blue shift of about 30-50 nm. Overall, the theoretical calculations sug-
gest that minerals with more isolated Fe3* cations adsorb at higher
energies, as indicated by the spectrum of Fe>"-phosphate (Fig. 2a). In
contrast, in goethite (Fig. 2d), which is more akin to an Fe3*t cluster, we
observe an increase in absorption bands even at long wavelengths. In the
case of goethite, no frequency/wavelength shift seems necessary, but it
should be highlighted that this model differs from all the others (Fe3*-
phosphate, Fe?*-sulphate, and siderite) as it is in a low-spin state,
because it better reproduces the relevant spectral features. The most
important transitions, with the model employed here, seem to involve a
larger charge transfer in the case of the high-spin Fe>* compound
compared to Fe>" compounds. This is mostly due to a reduced inter-
electronic repulsion for high-spin Fe?™ compared to high-spin Fe3*.
However, in the case of low-spin goethite Fe>*, the most important
electronic transitions involve a lower charge transfer as in the case of
high-spin Fe?* minerals. Fe?* compounds (Fig. 2b and c) have an elec-
tronic spectrum peak in the 200-250 nm wavelength range, however,
siderite (Fig. 2c) exhibits a particular behaviour with significant ab-
sorption bands also at low energy.

The ab initio calculations confirm the literature data and our data
regarding a different distribution and shape of the bands originating
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Fig. 2. Experimental UV-Vis spectra of: (a) Fe3+-phosphate; (b) Fez+-sulphate; (c) siderite (Fe2+CO3); (d) goethite (Fe**O(OH)) (blue lines) with TD-DFT spectra
(red lines) and TD-DFT transitions (magenta spikes). Legend: blue line = experimental pattern; red line = calculated pattern; magenta bars = calculated transitions.

from compounds with different iron structures. These data enabled us to
build a solid theoretical basis on the MCR predictive models. Unfortu-
nately, ab initio calculations cannot be used alone to calculate and
reproduce the spectra of the real samples because of the complexity of
the multiple atom-atom interactions which makes the calculation time
too lengthy.

3.2. Preliminary analysis of the UV-Vis spectra

This preliminary analysis enabled us to reveal correlations and
clustering trends of the various parameters calculated from the raw,
normalized, and first derivative UV-Vis with iron oxidation state and
nuclearity. Specifically, the best correlation trend highlighting a distri-
bution of points dependent on the nuclearity was obtained by plotting
the wavelength corresponding to the maximum of the most intense ab-
sorption band (top absorption band) of the normalized data vs. the mean
Kubelka-Munk (KM) value of the whole normalized spectrum (Fig. 3).
Fig. 3a is the plot for Fe?", while Fig. 3b is the plot for Fe3*. As a
reference, both plots report the position of the magnetite sample (black
square) which contains clusters of ferrous and ferric iron. Samples with
isolated ferrous iron have small mean KM values and top absorption
band positions of < 257 nm. On the other hand, samples with various
clusters of ferrous iron have mean KM values of > 0.196 and top ab-
sorption band positions of > 257 nm (Fig. 3a). Correspondingly, sam-
ples with isolated ferric iron have mean KM values of < 0.4 and top
absorption band positions of < 380 nm, while samples with various
clusters of ferric iron have mean KM values > 0.46 and positions top
absorption band positions of > 387 nm (Fig. 3b).

3.3. MCR analysis

This analysis revealed distinct clusters formed by samples with iso-
lated Fe?*, isolated Fe3*, Fe?"+Fe3* clusters, and pure Fe3' cluster,
based on the concentration values of the resolved components from the
UV-Vis absorbance spectra. The best results were obtained with a four
component MCR model (explaining 98% of data variance). The pure
resolved spectral profiles are shown in Fig. 4. The resolved spectral
profile corresponding to the first component (S1) shows an intense ab-
sorption band centred at about 350 nm and a very low intensity band at
about 700 nm. This profile matches well the spectral profile of isolated
Fe3*, as it can be compared with the UV-vis spectra of FePOy4, Fes(SO4)3
and (NHy4)3[Fe(C204)3]. The second (S2) and third (S3) component
spectral profiles can be matched to the Fe>* cluster structure. In
particular, S3 shows an almost continuous absorption in the
200-600 nm range, which can be considered representative of all Fe>*
cluster structures. The spectral profile of the pure Fe>*cluster is very
similar, while S2 seems to model the specific behaviour of magnetite,
where both Fe3* and Fe?* clusters are present, which also shows a
continuous absorption in the 600-800 nm. Finally, the fourth compo-
nent (S4) shows an intense band centred at about 250 nm, which is a
characteristic absorption band of isolated Fe2t structures, such as FeSO4
and olivine.

Fig. 5areports the scatter plot of the relative concentration third (C3)
vs. first (C1) component, where each sample is coloured according to the
iron form (see figure legend for details), and the grey filled circles
correspond to the test samples (predicted). The Fe>* cluster, including
hematite, (in the left upper corner, high values in component 3 and low
in component 1) is distinct from the isolated Fe®' (in the right bottom
corner, high Cl1 and low C3 values) with ammonium iron oxalate
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Fig. 4. The four pure resolved spectral profiles obtained from the MCR-
ALS model.

trihydrate, iron sulfate hydrate, and iron phosphate dehydrate. Fig. 5b,
C4 vs. C1 isolates (upper left corner) the samples well in which iron is
bivalent (Fe®>") with ammonium iron sulfate dodecahydrate and iron
sulfate heptahydrate. An overall view is shown in the three-dimensional
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scatter plot (Fig. 5c, reporting C1 vs. C3 vs. C4), where it is easier to
assess which group the test samples are the most similar to.

Regarding the nuclearity in the samples of mineral fibres, actinolite
asbestos from Aurina Valley, Bolzano (Italy) exhibits an intermediate
behaviour between isolated Fe?" (nuclearity = 1) and cluster iron
(nuclearity > 2). This finding is in agreement with the outcome of the
structure refinement reported in Pollastri et al. [57] where the octahe-
dral sites M(1), M(2) and M(3) are occupied by iron atoms, with Fe®*
ions (87%) occurring at the M(1,2,3) sites and the small amount of Fe3+
(13%) ordered at the M(2) site.

Amosite from Penge mine (Northern Province, South Africa) and the
UICC standard crocidolite (South Africa) are anomalous because they
are included in the family of samples with cluster iron (nuclearity > 2),
but their position is shifted towards the groups of isolated iron. Litera-
ture data confirm that the nuclearity of iron in UICC crocidolite has to be
> 2. This is because the three OH bands in the FTIR spectrum show that
the association of three iron ions (lower frequency band at 3619 em)is
much more abundant than that of two iron ions and one magnesium
atom (3635 cm'l), while the associations of two Mg atoms and one iron
ion (3649 cm™) are low in abundance [45]. The UICC standard antho-
phyllite asbestos from Paakkila (Finland) is included in the family of
samples with cluster iron (nuclearity > 2) because the investigated
sample contains colloidal impurities of iron hydroxides inter-grown
within the fibres, as also observed under the stereomicroscope (see
Supplementary Information 3) and the signal comes mostly from these
colloids.

These phases are amorphous in diffraction as they were not detected
by the quantitative phase analysis reported in Pollastri et al. [60], where
the results of the structure refinement indicated Fe?>* at the M4 distorted
octahedral site. Chrysotile from the Balangero mine (Turin, Italy) ex-
hibits prevalent isolated Fe?* (nuclearity = 1). This result is in line with
the model obtained from X-ray Absorption Spectroscopy [56] where low
amounts of iron atoms (both Fe?t and Fe3+) are mainly found in an
octahedral environment.

The commercial chrysotile from Yasniy mine, Orenburg Minerals
(Russia) also exhibit prevalent isolated Fe?t (nuclearity = 1). In agree-
ment, Di Giuseppe et al. [12] found a low content of Fe>" in Yasniy
(Fe?t/Fet = 0.61) with Fe®' mainly associated with magnetite
impurities.

Fibrous glaucophane from San Anselmo, Marin County (CA, USA)
displays prevalent isolated Fe?" (nuclearity = 1). This result is in
contrast with the data reported in Di Giuseppe et al. [14] where the
analysis of FTIR spectra interpreted as bands generated by
Mg-Fe?"-Fe?*-OH and Fe?"-Fe?"-Fe?"-OH clusters, the Fe>*=0.70 a.f.u.
vs. Fe?t=1.31 a.f.u. ratio and the existence of iron-amphibole impurities
in the sample pointed to a nuclearity > 2. One explanation could be that
the sample investigated here, which was selected under the optical mi-
croscope, is actually pure and that the bands generated by
Mg-Fe?"-Fe?*-OH and Fe?*-Fe?*-Fe?t-OH clusters are subordinated to
Mg-Mg-Fe?*-OH bands in the FTIR spectra indicative of a prevalent
isolated Fe?* (nuclearity = 1).

The sample of tremolite asbestos from the Lanzo Valley (Piedmont,
Italy) is also included in the family of samples with isolated FeZ*
(nuclearity = 1). According to Pacella et al. [50], a minor amount of iron
(Fe®*=0.05 a.f.u. and Fe?*=0.24 a.f.u. from the structure refinement) is
found in the octahedral sites with Fe?>" at M(1) and M(3) confirmed by
the FTIR spectrum. Commercial fibrous wollastonite NYAD G from
Willsboro-Lewis (New York, USA) is also included in the family of
samples with isolated Fe?* (nuclearity = 1). The point is slightly shifted
towards the other groups because Fe" prevails but significant Fe>* is
also present in the sample (FeO = 0.33(0.09) wt% and Fe,O3 = 0.17
(0.09) wt% [13].

3.4. Validating the relationship between iron nuclearity and toxicity

Iron has many different biological roles which are not yet fully
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Fig. 6. (a) the case with Fe’* nuclearity = 1. HO® can be produced by the interaction with HyO, (steps 2 and 3). The produced HO® can move beyond the first shells
of iron and cause damage to nearby proteins, DNA or membranes (step 4). (b) the case with Fe2* nuclearity> 1. The produced HO® (steps 2 and 3) interacts with
other iron atoms in the second shell by oxidizing them and producing OH species (annihilation of the HO®, step 4). In this case, the produced HO® is not capable of
causing biological damage. A possible alternative is the inhibition itself (step 2°) of the production of HO® (see text for details).
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Fig. 7. Final optimized structures of the hydrogen peroxide molecule on the forsterite surfaces with 0 (a), 1 (b,c,d) and 2 (e) Fe?" ions. The binding energies of the
reaction surface model + H,05 is also reported. The distances between atoms of the H,0, molecule interacting with Mg+ and Fe>* ions are highlighted with dashed
lines and labelled with the numerical values. The spin density is also reported as dotted blue iso-surfaces.

understood. On the one hand, it can significantly increase the activity of
antioxidant agents, resulting in the inhibition of free radical formation
(see for example, [2,3]). On the other, iron plays a role in inducing
adverse effects in vivo via the production of HO®. Toyokuni [66]
underlined the role of iron in carcinogenesis as a ferrotoxic disease and

the detrimental action of iron was confirmed by the finding that the iron
chelators inhibit HO® formation [28,29,35].

The basic assumption of our work is that the nuclearity of iron affects
the toxicity of a mineral particle/fibre. This hypothesis relies on the
observations that fibre activity has to be dependent on iron that has
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Fig. 8. A sketch of the structure of iron-rich asbestos amphiboles amosite and
crocidolite plotted in the b-c plane showing the iron sites Fel =M(1), Fe2 =M
(2), F3 =M(3), and Fe4 =M(4) coordinated by oxygen atoms (O1 to O6) in
octahedral coordination. Si and H atoms are omitted. Mg atoms may occupy the
same octahedrally coordinated sites in place of the iron atoms. The white lines
connect neighbour (second shell) iron atoms and evidence the high nuclearity
of the iron atoms (Fel =6, Fe2 =5, Fe3 =6, and Fe4 =3) eventually reduced by
the presence of Mg atoms.

a

Fig. 9. Preferred cleavage directions [15], represented by the black lines, that
break the crystal fibres in such a way to expose the M(4) (active for catalytic
activity) and A sites at the surface. The A sites are usually occupied by Na* and
K* ions or are empty.

attained a particular location at the crystal surface [22]. In addition,
disperse iron ions are more effective in the catalysing generation of toxic
oxidant species such as HO® than iron clusters [28,29].

The literature describes the “nuclearity effects” of iron well (see for
example, [46,9]). Iron-free synthetic chrysotile elicited a negligible HO®
generation and was non-toxic in cellular tests. When doped with Fe3*,
synthetic chrysotile induced cytotoxic effects in murine alveolar mac-
rophages and acquired the ability to generate free radicals in acellular
systems [20,21]. The results of Andreozzi et al. [6] on amphibole
asbestos are in line with previous results on iron-doped synthetic
chrysotile, and indicate that the highest reactivity in asbestos is asso-
ciated with the occurrence of low-coordinated, low-nuclearity iron sites.
Newly-formed iron-rich nanoparticles are poorly reactive in redox cycles
and do not modulate the overall crocidolite radical reactivity due to the
high nuclearity of the iron centres and the stability of the structural
coordinative ligands [46]. When the nuclearity of iron increases, as
observed in iron oxides, catalytic activity decreases. Freyria et al. [18]
observed that hematite microparticles did not produce hydroxyl radi-
cals. Lee and Park [40] reported that hematite can be used as a catalyst
for the Fenton reaction by the change in the redox state of iron ions on its
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surface. However, existing hematite-based photocatalysts exhibit high
hole-electron recombination due to the narrow bandgap and limited
ROS production.

The question thus arises as to why single, or low nuclearity iron
atoms are more prone to catalytically produce free radicals and hence to
make the fibre potentially more toxic than iron clusters with high
nuclearity. Fe®' in the oxidized surface of the fibres can be reduced
when the fibres are engulfed in the acidic intracellular phagolysosomes
where Fe?* is stable [38] and whose toxicity is considered much greater
than that of Fe3". In fact, although both Fe?* and Fe3* produce HO® via
Fenton reactions (I) and (II):

H,0; + Fe** - Fe’* + HO® + OH (1)
H,0, + Fe** = Fe?™ + 0y + 2 H (1)

the latter being several orders of magnitude slower than the former
(0.002 M st vs. 60 M1s1: [65]), causing rapid Fe®* accumulation and
precipitation [43]. Because in the intracellular phagolysosome vacuoles,
there is an excess of HyO5, we can assume the radical pathway of the
Fenton reaction and an inner-sphere reaction where a Fe?*-ligand like
water must make room for HoO5 before ~ transfer [38].

If Fe?* has nuclearity= 1 and is surrounded only by atoms other than
iron/metals (e.g. Mg2+) (step 1 in Fig. 6a), it may produce HO® by the
interaction with HyO; (steps 2 and 3 in Fig. 6a). Although the HO®
produced has a very short life [23], it is free to move beyond the first
shells of iron, does not meet catalytically active species, and thus does
not damage nearby proteins, DNA or membranes (step 4 in Fig. 6a).

If Fe?* has nuclearity> 1 (e.g. nuclearity=3 in step 1 of Fig. 6b), it
produces HO® (steps 2 and 3 in Fig. 6b) that promptly interacts with
other catalytically active iron/metal atoms in the second shell by
oxidizing them and producing OH" species (annihilation of the HO® as
shown by step 4 in Fig. 6b). Hence the HO® produced is unable to cause
any biological damage and shows little to null toxicity. A possible
alternative mechanism is the inhibition itself of the production of HO®
(inhibition in step 2’ in Fig. 6b) by iron when nuclearity increases.

To gain some insights into the effect of nuclearity on HyO» splitting,
we performed DFT calculations of HyO interacting with models of
forsterite (010) surface terminated with Mg?" ions in which 1 or 2 Mg?*
ions were substituted with Fe>* ijons. (Fig. S2 of the Supplementary
Information 2). Note that we considered (Fe«<Mg) substitutions in the
modelling of these structures because (Fe,Mg) vicariance is very com-
mon in mineral fibres (see for example the serpentine asbestos chrysotile
with (Mg,Fe)3(OH)4SizOs or the amphibole asbestos fibre amosite
Nay(Fe,Mg)5SigO22(0OH)y, crocidolite Nay(Fe,Mg)sSigO22(0OH)2, and
tremolite Cap(Mg,Fe)sSigO22(0OH)a.

Our calculations revealed that HyO5 absorbs molecularly on the
model without iron atoms (pure forsterite) with a binding energy of
— 0.69 eV. In the final geometry shown in Fig. 7a, 1 oxygen of Hy0»
interacts with Mg?" with a distance of 2.28 A, whereas the hydrogen
bonded to the other oxygen of the Hy0, molecule forms a hydrogen
bond of 1.62 A with the oxygen of a SiO4 unit nearby. Regarding the
interaction of Hz0, in the model with 1 Fe* ion, we observed how
molecular adsorption or breaking of the O-O bond depended on how we
docked the molecule on the surface. When the molecule was adsorbed
physically, we computed a binding energy ranging between — 0.32 to
— 0.78 eV depending on the interaction mode as shown in Fig. 7b and c.
When the molecule was positioned with the two oxygens interacting
with the FeZ* and Mg?* ions close together, hydrogen peroxide splitting
occurred. The two hydroxyl groups bridged the two ions.

Fig. 7 also reports the spin density, showing that whereas in the case
of molecular adsorption only the iron ion bears a spin density, when the
hydrogen peroxide splits, a small spin density is localized on both hy-
droxyls, thus denoting a small radical character on both groups. The
reaction is exothermic with — 7.4 eV.

Lastly, on the model containing 2 iron ions, we observed only the
splitting reaction as shown in Fig. 7e. Again, the spin density is localized
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on the two iron ions and the two oxygens of the hydroxyl groups. The
Fe3-OH bonds lie in the range 1.7-1.9 A and the reaction energy is
strongly exothermic with the release of about — 9.1 eV. We should
emphasize that our calculations were performed in a vacuum and with a
static approach, and they thus neglect important solvents and dynamical
effects that would certainly affect the geometry and energy of the
adsorption and splitting reactions. However, they still provide useful
insights and suggest that iron plays a key role in splitting HoO5 and in the
fate of the hydroxyl groups. Despite the aforementioned limitations,
these simple calculations seem to indicate that the HO® group has some
kind of annihilation mechanism (Fig. 6b).

3.5. From the MCR model to the FPTI nuclearity-related toxicity
parameters

The findings from the MCR model can be used to predict the FPTI
nuclearity-related toxicity parameter of mineral fibres [24], however it
should be noted that iron nuclearity is only one of the 18 parameters of
the FPTI model. In the present work its effect is thus combined with that
of the other 17 fibre parameters (length, width, crystal curvature, crystal
habit, density, character of the surface, surface area, total iron content,
ferrous iron, content of metals other than iron, dissolution rate, velocity
of iron release, velocity of silica dissolution, velocity of release of metals,
zeta potential, fibre aggregation, and cation exchange). To predict the
FPTI nuclearity-related toxicity parameter (1,10) from the MCR model,
the following steps are necessary:

Preparation of as pure a sample as possible, separating the fibres
from impurities by manual selection under an optical microscope,
and grinding the purified sample in agate mortar or with cryo-
milling;

Collection of the UV-Vis spectrum in the 200-800 nm range using the
same experimental conditions employed here to measure the stan-
dard samples;

Spectra normalization;

e Use of the derived MCR model to predict the values of the compo-
nents C1, C2, C3 and C4 for the sample;

Classification of the sample based on the values of the four compo-
nents C1 to C4. High values of C1 = isolated Fe3"; high values of
C2 = cluster Fe>* and Fe®*; high values of C3 = cluster Fe>'; high
values of C4 = isolated Fe?*. Intermediate values of both C1 and C3
are also possible and interpreted as iron with low nuclearity;

e Assignment of the value of the nuclearity-related toxicity parameter
1.10 in the FPTI model [24,25] with:

High values of the component C1 (isolated Fe®") or C4 (isolated
Fe?") > iron nuclearity = 1 — index value = 0.07 (high toxicity, due to
the higher probability of producing HO®);.

Intermediate values of both C1 and C3 or C2 and C4 — iron nucle-
arity = 2 — index value = 0.03 (low-moderate toxicity);.

High values of the component C2 (cluster Fe’* and Fe3") or C3
(cluster Fe®*) — iron nuclearity > 2 — index value = 0.02 (low toxicity).

For the investigated mineral fibres, a value of 0.07 of the nuclearity-
related toxicity parameter in the FPTI model [24], corresponding to high
C4 values (isolated Fe2+), was assigned to the Balangero mine (Italy) and
commercial Yasniy (Russia) chrysotiles, fibrous glaucophane from Cal-
ifornia, asbestos tremolite from Piedmont (Italy) and commercial fibrous
wollastonite NYAD G (USA). A value of 0.03 was assigned to actinolite
asbestos from Aurina Valley (Italy), amosite from Penge (South Africa),
and UICC crocidolite because these fibres exhibit high intermediate
values (Fig. 5a,b). A value of 0.02 corresponding to high C3 values
(cluster Fe®>") was assigned to UICC asbestos anthophyllite from Finland.
These data revise the previous qualitative assessments of chrysotile from
the Balangero mine (Italy) with 0.03 the commercial Yasniy (Russia)
chrysotile with 0.03 fibrous glaucophane from California with 0.02),
and asbestos tremolite from Piedmont (Italy) with 0.03 ([14], 2012a).
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Some samples were difficult to classify since their position in the MCR
relative concentration plots (Fig. 5) was either close to samples with
different nuclearity or else it fell between two different groups. The iron-
rich amphibole asbestos amosite and crocidolite are an example of
anomalous spots as they are included in the family of samples with cluster
iron (nuclearity > 2); however, their position is shifted towards the
groups of isolated iron. Fig. 8 depicts the position of iron (Fel =M(1),
Fe2 =M(2), Fe3 =M(3), and Fe4 =M(4)) octahedrally coordinated oxy-
gen atoms (O1 to O6) in the monoclinic structure of these amphiboles.

Ideally, an iron atom in the Fel site has six neighbour iron atoms (see
the white lines in the figure), Fe2 site has five, Fe3 site has six atoms, and
Fe4 site has thee. A possible explanation of the shift towards the cluster of
isolated iron atoms is that if Mg atoms, which are invariably present in the
structure of these amphiboles in place of the iron atoms, occupy the Fe2
site (indicated by the black arrow), the iron atom is left isolated in the Fe4
site. The same may occur if, for example, Fel and Fe2 are simultaneously
occupied by Mg atoms, leaving the iron atom in Fe3 isolated.

The catalytic activity of isolated Fe4 atoms in the M(4) site of am-
phiboles is very important as this is the site exposed at the surface of the
crystal fibres they cleave. In fact, the preferred cleavage plane [15],
represented by the black lines in Fig. 9, breaks the crystal fibres in such a
way to leave M(4) sites at the surface next to A sites, usually occupied by
alkaline ions.

The exception represented by the siderite sample also needs high-
lighting. Its observed and calculated spectra seem to point to a case of
isolated Fe?", however the siderite structure [17] exhibits a nuclearity
equal to 6. Each Fe?* atom has 6 Fe?>" neighbours connected by oxygen
atoms in the second shell at ca. 4.28 A (as the calculated Fe-O bond
distance is 2.14 A) with a hexagonal packing similar to that of hematite.
The only difference with respect to hematite is that carbon atoms are
also found in the oxygen atoms’ trigonal cavity and hence help shield
FeZ* atoms from Fe?" neighbours. A possible explanation of its outlier
behaviour is that carbonate anions may prevent states localized on the
iron cations from interacting with each other, effectively isolating each
Fe?" centre from one another, at least from the point of view of the
electronic density of states (eDOS).

The spread of the predicted samples with respect to the identified
clusters may also be due to the contribution of residual iron-rich im-
purities in the natural samples to the overall UV-Vis spectrum. One
example is the anthophyllite asbestos from Finland which contains
inseparable colloidal impurities of iron hydroxides inter-grown within
the fibre bundles (see Fig. S3 in the Supplementary Information 3).
Although they were clearly separate under the optical microscope, the
chrysotile fibres of the Russian sample may still contain residual nano-
phasic magnetite crystals. On the other hand, the chrysotile fibres from
Balangero (Italy) may still contain slight residual impurities of iron-rich
phases such as antigorite, balangeroite, clinochlore, magnetite, and talc,
as reported in Pollastri et al. [55,59].

4. Conclusions

Iron catalytic properties, determined by the oxidation state and
nuclearity, prompt the Fenton primary production of cyto-/geno-toxic
hydroxyl radical HO®, which is responsible for the toxicity and carci-
nogenicity of respirable mineral fibres. For what we believe is the first
time, the iron nuclearity of mineral fibres has been systematically
investigated in this work in an attempt to quantitatively assess its
contribution to the FPTI predictive model of the toxicity and carcino-
genicity of mineral fibres.

As a first step, ab initio calculations by density functional theory
(DFT) modelling were used in order to interpret the origin of most of the
observed bands in the UV-Vis spectra of mineral fibre standards. Ab
initio calculations were also used to investigate the hydrogen peroxide
adsorption, responsible for the production of HO® radicals, on olivine-
like surfaces reproducing an ideal fibre surface. We demonstrated that
the increase in Fe?™ nuclearity effectively decreases the toxicity
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potential because HO® radicals are directly annihilated due to the
oxidation of Fe?t to Fe3*,

As a second step, we applied empirical models, using the multivar-
iate curve resolution (MCR) approach to obtain quantitative information
on iron nuclearity from UV-Vis spectra in the 200-800 nm region and
classify the iron nuclearity of all the investigated mineral fibres. The
empirical model enabled the computation of a high nuclearity-related
toxicity parameter (0.07) for the chrysotile samples from the Balan-
gero mine (Italy), commercial chrysotile from Yasniy (Russia) chryso-
tiles, fibrous glaucophane from California, asbestos tremolite from
Piedmont (Italy) and commercial fibrous wollastonite NYAD G (USA).
Intermediate values of toxicity (0.03), corresponding to a mean nucle-
arity of 2, were assigned to actinolite asbestos from Aurina Valley
(Italy), amosite from Penge (South Africa), and UICC crocidolite.
Conversely, a low nuclearity-related toxicity parameter (0.02), corre-
sponding to iron-cluster with a lower catalytic capacity of producing
oxidants, was assigned to UICC asbestos anthophyllite from Finland.

We acknowledge that the statistical robustness of our MCR data
could be improved in order to reduce the scatter in the distribution of the
points within the cluster. This scatter is mainly due to the residual iron-
rich impurities present in natural samples such as the anthophyllite
asbestos from Finland and the chrysotile fibres which may still contain
residual nanophasic magnetite crystals or iron-rich phases such as
antigorite, balangeroite, clinochlore, magnetite, and talc.

Understanding iron nuclearity contributes to improving the FPTI
model which considers all the physical-crystal-chemical parameters of a
mineral fibre. Of these, the activity of metals such as magnesium, the
vicariant of iron in the crystal structure of mineral fibres, is also included
in the FPTI model as it is important for (i) mineral fibres such as
chrysotile whose fast dissolution [28,29,31] in contact with acidic
phagolysosomes, during macrophage phagocytosis, promotes the
release of haemolytic magnesium species; (ii) systems showing the
corrosion of magnesium-rich surfaces (see for example, [33]) and the
release of this metal in vitro.

Environmental implications

The environmental implications of this work regard the under-
standing of the role of iron present in mineral fibres in inducing toxic
(acute and chronic) and pathogenic effects in vivo via production of
oxidant species. The method proposed here is aimed at determining the
chemical environment and nuclearity of iron in mineral fibres (asbestos
and non-asbestos species) as a factor to predict and classify their
toxicity/carcinogenicity potential.
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