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Abstract

chemo metric approach of Linear Discriminant Analysis (LDA).

extensive sampling plans are needed.

INTRODUCTION

Asbestos minerals worldwide-considered and regulated as
human health threat are six species of hydrate silicate minerals
with fibrous morphology: 1) Chrysotile, the most mined and
commercialized, with ideal chemical formula Mg,Si,0, (OH),, 2)
Riebeckite amphibole, ideally Na, (Fe*',Fe*))_ . Si0,, (OH),
usually referred as “crocidolite”, 3) Granitite amphibole, ideally
Fe* Si 0,,(OH),, usually as “ammonites”, 4) Anthophyllilte ideally
Mg, Si,0,, (OH),, 5) Trifoliate amphibole, ideally Ca,MgSi0,,
(OH),, 6) Actinolite amphibole, ideally Ca,Fe** Si 0., (OH),.
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Asbestos materials were widely used in the past to produce
almost an uncountable number of reinforced type materials
both for building and technological purposes (e.g. floor tiles,

Although the World Health Organization has classified asbestos as a human carcinogen and many countries all around the world have banned or posed very strict restrictions
to asbestos uses, its consumption is increasing worldwide as well as the incidence of asbestos-linked diseases. Current standard methods for asbestos analysis are very lengthy and
costly and they suffer of poor detection limits, accuracy and precision, especially in the case of materials with low asbestos content.

Here we describe a new, fast, efficient and selective analytical screening method to perform a test for Chrysotile in suspected Asbestos Containing Materials (ACMs) grouped
by commodity class and analyzed by Inductively Coupled Plasma Optical Emission and Mass Spectrometry Techniques (ICP-OES/MS). The outcomes were processed by means of the

Here we demonstrate that this method permits to correctly classify the ACMs of specific commodity classes with the same performance than standard methods based on phase-
contrast and electronic microscopy (PCM, FESEM) and Fourier Transform infrared spectroscopy (FTIR). Furthermore, this analytical approach offers a paramount advantage of an
instrumental analytical technique with very high sensitivity and specificity, typical of trace element analysis techniques and suitable to automation process, definitely useful when

wall boards, thermal gaskets, asbestos cement, glues, etc.) [1].
Although the asbestos carcinogenicity risk assessment was
evaluated by [2] and most of the countries all around the world
banned or posed very strict restrictions to asbestos uses [3],
asbestos correlated diseases are still a concern [4] because of the
increasing asbestos consumption in the so called B.R.I.C.S. Area
[5] and its natural presence up to soil’s surface [6,7].

Consequently, the ability to perform fast and effective
sampling and monitoring campaigns at lowest level of detection
is of paramount importance to properly manage the asbestos
risks. Current standard methods for qualitative and quantitative
analysis of asbestos in asbestos containing materials are based
on Microscopy [8,9] and Spectroscopy [10-14] they are generally
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used for a restricted type of materials, they need a specific
sample treatment to obtain low-level detection limits [15,16]
and an experienced operator with very specific technical skills
is required. Furthermore, microscopic methods suffer of poor
sample representativeness while spectroscopic and diffract
metric techniques suffer of poor detection limits, about 1%,
accuracy and precision. Since they are very lengthy and costly,
the samplings of suspected asbestos containing materials are
often reduced to a limited number of samples.

For all of these issues and considering the REACH constraints
about monitoring asbestos containing goods in the UE [17],
academic and industrial researchers are constantly engaged in
developing innovative analytical methods to improve accuracy,
sensitivity, representativeness and cost-effectiveness [18].

The aim of this work is the validation of a rapid analytical
screening method able to intercept Chrysotile containing
materials and estimate the concentration of Chrysotile, certifying
when possible the absence of Chrysotile in asbestos-free
materials below 1% w/w, where standard methods have the
greatest uncertainty, due essentially to their poor sensitivity.

The proposed method is based on mineralization of samples
in acid environments [19-24] followed by elemental analysis
via Inductively Coupled Plasma equipped with either optical
emission spectroscopy (ICP-OES) or Mass Spectrometry (ICP-
MS). Although the asbestos chemical composition has been
already used mainly to study health hazards [25,26], interest in
potential analytic purposes has been recently increasing [27].

In this study three common commodity classes of Chrysotile
containing materials (vinyl floor, gaskets and concrete materials)
with typical Chrysotile content between 5-50% w/w were
taken into account [28-31]. Data were processed by Linear
Discriminant Analysis (LDA) [32] in order to intercept Chrysotile
in the samples as effectively as the standard test methods. Similar
statistical elaborations have been recently adopted to detect and
classify asbestos fibers [33,34].

The treatment of the samples is very fast and simple; it
requires a larger amount of the sample than standard techniques,
ensuring a proper representativeness of the original materials.
The leaching of elements like Fe and Mg reduces the danger of
any asbestos and health risks for the operators as well [25]. The
analysis can be automatized (automated) in case of large number
of samples.

EXPERIMENTAL
Materials and Samples

Reference Materials (Table S4) were prepared using
polytetrafluoroethylene powder (mean particle size 20 pm -
ACROS), Chrysotile standard NIOSH/IITRI CH-29 (Impurities
1-2% Steel fragments, 1-2% carbonate minerals, 1% quartz,
1% iron oxides, < 0.5% massive serpentine), 2-propanol RPE
Grade (Carlo Erba), Ethyl 2-Cyanoacrylate (Sigma Aldrich). For

Table S4: List of Reference Materials for Quality Control in analytical sequences and
Chrysotile concentrations, expressed in mass percent (w/w)%.

Matrix Chrysotile, (w/w)%
Ref. Mat. 1 Vinyl floor tile 2.90+0.01
Ref. Mat. 2 Ethyl 2-cyanoacrylate 0.85+0.01
Ref. Mat. 3 PTFE pellets 0.96 +0.01
Ref. Mat. 4 PTFE pellets 0.08 £0.01
RTI std 09 RTI International vinyl standards 2-6
RTIStd 10 = RTI International organic matrix standard 3-6

mineralization and ICP analysis were used Ultrapure Water (18.2
MQ a 25°C), HNO3 68% RPE Grade, HCl 37% RPE Grade, KBr RPE
Grade and mono-element standard solution (Co, Ni, Fe, Mn, Cr,
Mg) 1000 mg/L.

Training set consisted of fifty samples of suspect asbestos
containing materials (twenty-five vinyl floors, fifteen gaskets and
ten concrete). Thirteen samples of suspected Chrysotile materials,
coming from 2020-2022 Laboratories program qualification
organized by Italian Ministry of Health were included in the
Control set.

Methods and Instruments

Standard techniques analysis: The microstructural
examination of the samples was performed by field emission
scanning electron microscopy (FE-SEM, Zeiss, Merlin), operated
at an accelerating voltage of 15 kV, a probe current of 150 PA, a
working distance of 8.5 mm and zero degrees tilt. The detector
used was a secondary electron detector. An energy dispersive
spectrometer (EDS, Oxford Instrument INCA) coupled with FE-

SEM allowed a compositional analysis of the sample.

Fourier Transform Infrared spectra were obtained using
either in diffuse reflectance (FTIR, Spectrum One, Perkin
Elmer) or in transmission to analyze ultrapure KBr pellets [35]
(Spectrum™ 3 FTIR). The operative parameters of the instruments
were acquisition range 4000 - 400 cm™, resolution 4 cm™ and
32 scans. In transmission mode the optical compartment of the
instrument was flushed with nitrogen before starting sample
analysis. Before each scan, the sample compartment has been
saturated with the same gas for about ten minutes to clear the air.
All samples were weighted by a Sartorius scale (MC1, capacity
210 g, precision 0.01 mg, SARTORIUS AG) equipped with a device
to neutralize electrostatic charges. The weighted quantities were
in the range 50 pg - 2 mg. Each sample was mixed with about
250 mg of pure KBr previously dried in the 300 - 400°C range in
a muffle furnace (Gefran 400) for 3-5 days. The background can
be measured with either an empty pellet holder inserted into the
sample chamber or with a pellet holder with an ultrapure KBr
pellet, which contains no sample.

X-ray Diffraction Analysis were performed with a Bruker D8
Da Vinci Advanced Diffract meter in this configuration: Source:
Tube Cu Ka 1.5406 A, Scan range 5°-50°, Step size 0.010°, Time for
step 1s, Detector Lynxeye-2 Mod 1D. Samples were prepared by
grinding in a mill, dispersion in aqueous solution and deposition
on a silver filter of an amount between 100 - 300 pg.
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Inductively Coupled Plasma Optical Emission and Mass
Spectrometry Techniques (ICP-OES/MS): An amount of 10.0
+ 1.0 mg standard asbestos fibers was introduced into a 75 mL
digestion vessels, adding 1.0 mL of ultrapure water, then 5.0 mL
of HNO3 68% RPE and 4.0 mL of HCl 37% RPE were introduced.
Digestion process was carried out by CEM Corporation MARS 5
Digestion Microwave System. Digestion set-up for 12 vessels: 10
min at 800 W + 10 min at 1600 W. Vessel was cooled to room
temperature and the extract diluted with UP water into a 50.0 mL
flask followed by a centrifugation step to remove solid precipitate;
finally supernatant was analyzed. The same procedure was
carried out to process asbestos containing materials grinding at
least 300 mg of the sample in an agate mortar for 2 - 5 minutes
to achieve approximately 200 pm of granulometry, eventually
100.0 £ 10.0 mg of the sample were used. Digestion solutions
were analyzed either in ICP-OES (Perkin Elmer OPTIMA 2100DV)
or analyzed in ICP-MS (Agilent 7500cx); regarding to ICP-OES no
dilution is generally necessary if values fall in calibration linear
range instead in ICP-MS dilution between 1:10 and 1:20 in water
UP is generally necessary to reduce isobaric interference due to
high concentrations of chloride ions; Sc and Ho can be used as
internal standard. The analytical sequence included a Method
Blank and a Laboratory Control Sample. Analytical conditions are
reported in (Table S5,S6).

Quantitative estimate of Chrysotile (ChryEQ)

The quantitative estimate of Chrysotile content (ChryEQ) was
calculated converting the elements’ concentration in Chrysotile’s
mass percentage, using a statistically representative composition
reported in (Table S7).

Table S5: ICP-OES instrumental conditions.

Parameters Operative conditions
Radiofrequency power 1400 W
Argon cooling flow 15 L/min
Argon flow 0.7 L/min
Auxiliary argon flow 0.2 L/min
Injector diameter 2 mm
Internal standard Sc

Mg (280.271/ LOD 0.001 mg/L), Cr (267.716 / / LOD
0.01 mg/L), Mn (257.610 / LOD 0.002 mg/L), Fe
(238.204 / LOD 0.05 mg/L), Co (228.616 / LOD 0.007
mg/L), Ni (231.604 / LOD 0.015 mg/L)

Analytes
(wavelength nm)

Table S6: ICP-MS instrumental conditions.

Parameters Operative conditions
Radiofrequency power 1500 W
Plasma Argon flow 15 L/min
Carrier gas Argon flow 0.9 L/min
Auxiliary argon flow 0.9 L/min
Makeup gas Argon flow 0.21 L/min
He gas flow (collision 47 mL/min
cell)
Sampling speed 0.10 rps
Internal standard Sc,Ho

Mg (24 - He - LOD 22.8 ng/L), Cr (53 - He - LOD 3.20

pg/L), Mn (55 - nogas - LOD 0.21 ng/L), Fe (56 - He -

LOD 30.0 ng/L), Co (59 - He - LOD 0.002 ng/L), Ni (60
-no gas - LOD 0.78 ng/L)

Analytes (m/z - tune
mode - LOD)

Table S7: Statistically representative Chrysotile’s composition (expressed in mg/
kg). Median (Central trend), Upper Limit Confidence Interval 95% (Upper Limit),
Lower Limit Confidence Interval 95% (Lower limit).

Upper Limit CI95% Median Lower Limit CI95%
(mg/kg) (mg/kg) (mg/kg)
Mg 246300 243000 238800
Fe 25110 18000 14000
Cr 780 490 380
Mn 600 480 444
Ni 1360 830 802
Co 60 53 50

The values were defined by a systematic review of studies in
the literature [20,23,36-39]. The central trend is expressed by the
median, which is preferable when the distribution of the data is
asymmetrical due to outliers or indeterminate values, while the
dispersion of data is expressed in terms of Confidence Interval of
95% [40-43].

Linear Discriminant Analysis (LDA)

LDA is a statistical tool used for classification, dimension
reduction and data visualization. The classification algorithm
is developed according to a series of objects with a known
classification (training set). LDA was performed for each
commodity class with Statistical 10 software using 7 variables, 6
of which refer to the chemical composition and 1 to the estimate
of Chrysotile. A priori probability was set the same for each class.
The LDA algorithm was evaluated by Will’s lambda test and
p-value and finally it was applied to Control Set. LDA results were
matched with FE-SEM and FTIR results [44-46].

RESULTS AND DISCUSSION
Method’s Repeatability and Recovery Efficiency

Regarding to performance of the method, data are reported in
(Table 1). The digestion efficiency of leaching process was carried
out on 10.0 + 1.0 mg of standard Chrysotile (NIOSH CH-29) by
measuring concentration of six target elements. Ten replicates
were carried out in order to evaluate the digestion repeatability.
Relative Standard Deviation percentage (RSD %) varies between
4.9 - 12.9%. The value for Mg, the main element, is 4.9% while the
values for the other target elements are in the 5.1% - 7.7% range.
Only Cobalt, which was found in trace amounts in Chrysotile,
showed a 12.9% RSD%. This evidence demonstrates that leaching
process of Chrysotile has good repeatability.

In order to evaluate the extraction efficiency of whole
analytical process (grinding, digestion and ICP-OES/MS analysis),
the recovery (%) was determined on four Reference Materials.
The experimental values for [1,2] are very good (inside 92-103%
for Mg and 85-120% for other elements). Cobalt concentration
is lower than ICP-OES detection limits. Values for Reference
Materials 3 and 4 are generally acceptable, even though many
of the analytical targets are below the ICP-OES detection limits,
suggesting the need of ICP-MS when ultra-trace concentrations
are expected.

Finally, Chrysotile content (ChryEQ) in six reference materials
was evaluated converting elemental composition data in mass
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Table 1: Method’s Performance (Repeatability, Recovery %, Chrysotile estimate) evaluated on Reference Materials.
Matekl:ielrs‘;'l‘:;ent Chrysg:}; ;“OSH Ref. Mat. 1 Ref. Mat. 2 Ref. Mat. 3 Ref.Mat.4  RTIStd09 | RTIStd 10

Co 12.9% - - - - -
- Ni 5.7% - - - - -
;8: 2 % Fe 7.7% - - - - -
g § § Mn 5.3% - - - - - -
ge cr 5.1% - - - - -
Mg 4.9% - - - - -
2 Co - <LOD <LOD <LOD <LOD - -
E —_ Ni - 100% 108% 68.6% <LOD - -
g § Fe - 88.0% 120% 66.5% 102% - -
:g S Mn - 96.4% 106% 74.7% <LOD - -
= Cr - 95.9% 84.5% 89.6% <LOD - -
g Mg - 92.4% 103% 119% 68.6% - -

'; CriEQ,, <LOD <LOD <LOD <LOD 4.78 4.74

S CriEQ,, - 5.09 1.74 1.14 <LOD 13.4 16.9

§ CriEQ,, - 3.94 1.11 0.67 0.23 16.7 20.6

g CriEqQ,, 15.29 0.97 0.74 <LOD 30.8 12.6

E CriEQ,, - 833 2.84 2.28 <LOD 17.8 5.70

% CriEQ,, - 2.96 0.90 1.10 0.06 11.0 10.6

% CriEQ - 2.96 0.90 0.67 0.06 4.78 4.74

;% Declared value - 2.90 0.85 0.96 0.08 2-6 3-6

& A - +2.1% +9.7% -30.2% -25.0% inside range inside range

percentage of Chrysotile using the above mentioned statistically
representative Chrysotile’s chemical composition, without any
further analytical effort. ChryEQi values for each element (i=
Mg, Fe, Mn, Cr, Co, Ni) are reported in (Table 1), while upper and
lower bounds of confidence interval of 95% are plotted in (Figure
1). As expected, the ChryEQMg values are the most accurate
due to the low variability of this constitutive element in the
Chrysotile. Other elements, as not constitutive, suffer of a higher
variability and so the corresponding ChryEQi as well. Regarding
to accuracy, ChryEQi values are expected as an overestimation
of the real Chrysotile content in the Reference Materials due to
the fact that in the calculation are considered the total elements’
concentrations, including the matrix’s contribution. In order to
minimize the matrix interference, minimum among the ChryEQi
values for each sample is considered to be the best estimate of
Chrysotile in the material. ChryEQi values for [1,2] are in good
accordance with declared values, respectively +2.1% and +9.7%.
Values for [3,4] are generally lower down to about 30% than
declared values, essentially due to the extremely high resistance
to acidic digestion of polytetrafluoroethylene used as matrix.
Values for RTI STD 09 and STD 10 fall perfectly in the range
declared on the certificates of materials. Estimation of Chrysotile
by ChryEQMg is in general the most accurate [1-4] but regarding
to RTI Standards 09 and 10, in which the known Mg matrix
interference is due to the presence of Dolomite CA Mg (CO,),,
the least interfered element is Co, whose concentration was
determined by ICP-MS as it was lower than the ICP-OES detection
limits. This highlights the need of more sensitive detection to
correctly quantify secondary targets and then to mitigate the
possible matrix interference in Mg content.

Recognition of Chrysotile Containing Materials by
LDA and Estimate of Chrysotile Content

The method proposed is applicable to commodity classes that

are included in training set, which are in this case vinyl floor tiles,
gaskets and concrete materials. Training and Control set samples
had been previously classified as asbestos positive/negative by
standard techniques (Figure S1) and then analyzed by ICP-OES/
MS; the elemental analysis results and the estimates of Chrysotile
are reported in (Table 2). Single ChryEQi are instead reported in
(Table S8). For what concerns Training set, elements like Co, Ni
and Cr are critical because of the instrumental sensitivity. The
concentration of these elements in the asbestos-free samples is
often lower than the ICP-OES detection limits while for Chrysotile
containing samples all the elements are above them. This does not
limit the capability of Linear Discriminant Analysis to correctly
intercept Chrysotile containing materials for the considered
commodity classes (typical Chrysotile content from 5% to 50%),
but in case of commodity classes with typical Chrysotile content
below 5%, the ICP-MS should be used. Regarding to Control set,
the use of ICP-MS instead of ICP-OES allowed, in fact, to quantify
all the elements also in asbestos-free samples and to identify
typical concentration patterns.

Theplotin (Figure 2) shows training setsamples in descending
order of Chrysotile estimate with a perfect separation between
asbestos free (white columns) and Chrysotile containing materials
(dashed columns). Moreover, all values are in accordance with
the typical formulations of these commodity products (Chrysotile
between 5 and 50 % w/w), except for sample G-08, which is just
inside the area of positivity even if negative (5.3 % w/w).

Differences in ChryEQ between asbestos free and Chrysotile
containing materials are evident (Figure 3), especially for vinyl
floors and gaskets. The box-whiskers plots report the statistics
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Figure 1 ChryEQ for reference materials (expressed in % w/w) referred to median value, Upper Limit of CI95% and Lower Limit of CI95%.
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Figure 2 ChryEQ for all training set samples: Chrysotile containing samples (dashed columns) and asbestos-free samples (white columns) to Chrysotile. Typical

Chrysotile concentration in considered commodity classes (5-50% w/w).
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Technical Sheet Sample Vinyl floor 10  : Vinyl tile blue/gray.

naked eye image of sample ‘ PCM. Chrysotile Fiber in 1.55 stunning liquid-0°polarized light

-

FTIR Spectrum, (Absorbance) with diagnostic peaks for Chrysotile reported.

36880

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 4000
eml

Quantification of Chrysotile via  mineralization and ICP OES analysis

Sample Mg (mgkg-) | Cr(mgkg ') | Mn(mgkg ") Fe (mgkg -1) Ni (mg kg 1) ‘ Co (mg kg 1)
Vinyl floor 10 3.19E+04 1.69E+02 2.81E+02 1.43E+04 1.97E+02 ‘ 1.47E+01

ChryEq=13.0 -13.4% (UCL - LCL%, coherent with typical asbestos formulation for Vinyl Floor Chrysotile tiles )

Figure S1 Sample technical sheet - example for Sample Vinyl floor 10.
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Table 2: Training Set and Control Set samples: samples’ codes, classification by standard techniques and LDA, elemental composition expressed in mg/kg (values in bracket
are < LOD method via ICP OES), Chrysotile’s estimate (ChryEQ).

Std LDA Target element’s sample concentration as mg kg ChryEQ
Code | Classification | Classification Co Ni Fe Mn Cr Mg (% w/w)
C-01 Neg 4.71E + 00 7.07E + 00 1.11E + 04 4.13E + 02 1.51E + 01 2.90E + 03 0.9
C-02 Neg - < (3.44E + 00) 1.67E + 01 9.72E + 03 5.14E + 02 1.72E + 01 5.63E + 03 2.0
C-03 Neg - <(3.49E+00) < (7.47E +00) 1.10E + 04 3.25E + 02 8.97E + 00 4.83E + 03 0.9
C-04 Neg - <(3.14E+00) < (6.72E +00) 5.36E + 03 1.98E + 02 < (4.48E + 00) 2.30E + 03 0.8
C-05 Neg 5.70E + 00 3.25E + 01 9.45E + 03 3.18E + 02 3.42E +01 1.47E + 04 3.9
C-06 Pos 2.41E + 01 2.41E + 02 2.10E + 04 6.78E + 02 1.33E + 02 3.56E + 04 14.7
C-07 Pos 3.48E + 00 5.23E+01 7.29E + 03 8.23E+01 2.07E + 02 2.89E + 04 6.3
C-08 Pos 1.41E + 01 2.48E + 02 1.58E + 04 2.81E + 02 1.00E + 02 2.45E + 04 10.1
C-09 Neg - < (5.09E + 00) 2.26E + 01 6.46E + 03 1.92E + 02 1.98E + 01 6.96E + 03 2.7
C-10 Pos 1.25E + 01 1.85E + 02 1.45E + 04 2.94E + 02 1.12E + 02 2.62E + 04 10.8
G-01 Neg - < (3.46E+00) | <(7.03E+00) 1.66E + 02 3.95E + 00 1.28E + 01 5.86E + 03 0.8
G-02 Neg - <(3.34E+00)  <(7.14E +00) 2.51E + 02 1.19E + 01 8.10E + 00 6.93E + 04 0.9
G-03 Neg - < (3.54E + 00) 1.16E + 01 1.97E + 03 4.95E + 01 4.55E + 00 8.76E + 03 0.9
G-04 Neg - < (3.61E + 00) 3.86E + 01 1.76E + 05 6.90E + 02 3.97E + 01 4.32E + 03 1.8
G-05 Neg 6.86E + 01 4.65E + 03 3.26E + 04 6.81E + 02 8.17E + 03 6.19E + 03 2.5
G-06 Neg - <(3.03E+00) < (6.50E + 00) 3.17E+03 3.21E+01 4.81E + 01 2.17E + 03 0.8
G-07 Neg - <(3.42E+00)  <(7.33E+00) 1.42E + 03 5.43E + 01 5.77E + 01 4.51E + 03 0.9
G-08 Neg 4.44E + 01 1.93E + 03 1.40E + 04 2.74E + 02 3.31E + 03 1.30E + 04 5.3
G-09 Neg - < (3.29E + 00) 8.47E + 00 5.89E + 03 2.79E + 02 5.03E + 01 3.45E + 03 1.0
G-10 Neg - < (3.17E + 00) 8.62E + 00 5.71E + 03 2.67E + 02 5.22E +01 3.39E + 03 1.0
G-11 Neg - < (3.31E + 00) 9.44E + 00 6.66E + 03 2.84E + 02 5.29E + 01 3.57E+03 1.1
G-12 Pos 4.87E + 01 3.79E + 04 1.08E + 04 2.39E + 02 7.97E + 03 9.19E + 04 37.8
G-13 Neg - < (2.91E + 00) 1.45E + 01 9.08E + 03 2.96E + 02 6.54E + 00 5.79E + 03 1.3
5 G14 Neg 9.24E + 00 2.93E + 01 1.33E + 04 5.40E + 02 1.66E + 02 1.79E + 04 3.5
3 G-15 Neg - < (3.41E + 00) 1.41E + 01 9.93E + 03 2.33E+02 2.49E + 02 7.34E + 03 1.7
E G-16 Pos 1.46E + 01 4.46E + 02 3.38E + 03 1.13E + 02 1.95E + 02 7.58E + 04 18.8
5 G-17 Pos 2.32E +01 7.04E + 02 5.28E + 03 1.69E + 02 3.19E + 02 1.23E + 05 29.3
= G-18 Pos 3.04E + 01 8.12E + 02 6.76E + 03 2.03E + 02 4.13E + 02 1.31E + 05 37.6
G-19 Pos 3.13E+01 8.28E + 02 7.27E +03 2.19E + 02 4.60E + 02 1.36E + 05 40.4
G-20 Pos 3.43E + 01 9.05E+02 6.65E+03 2.06E+02 4.18E+02 1.29E+05 36.9
G-21 Neg - < (3.53E + 00) 9.33E + 01 4.20E + 02 1.36E + 01 4.23E + 01 4.92E + 03 2.0
G-22 Pos 3.24E + 01 5.25E + 02 1.21E + 05 7.45E + 02 2.41E + 02 1.16E + 05 47.7
G-23 Pos 1.93E + 01 5.97E + 02 4.34E + 03 1.40E + 02 2.47E + 02 5.79E + 04 23.8
G-24 Pos 2.83E + 01 7.37E + 02 6.31E +03 1.95E + 02 4.01E + 02 1.22E + 05 35.1
G-25 Pos 2.84E + 01 7.78E + 02 6.51E + 03 1.83E + 02 3.78E + 02 1.22E + 05 36.2
V-01 Neg - < (3.54E + 00) 2.84E + 01 1.15E + 02 1.22E + 01 < (2.02E + 00) 2.59E + 03 0.4
V-02 Neg - <(3.58E+00) < (7.68E + 00) 1.84E + 02 5.73E + 01 < (4.09E + 00) 7.70E + 02 0.3
V-03 Neg - <(3.58E+00)  <(7.68E+00) 1.76E + 02 1.76E + 01 < (2.56E + 00) 4.71E + 03 0.5
V-04 Neg - <(3.58E+00) < (7.68E +00) 1.55E + 02 6.15E + 01 < (5.12E + 00) 9.39E + 02 0.4
V-05 Neg - <(3.21E+00) | <(6.88E +00) 1.79E + 03 2.33E+02 < (1.84E + 00) 5.00E + 04 0.4
V-06 Neg - < (3.30E + 00) 7.08E + 00 1.90E + 02 2.97E + 01 < (2.83E + 00) 9.14E + 02 0.4
V-07 Pos 1.44E + 01 3.30E + 02 6.92E + 03 8.27E + 01 2.40E + 02 4.67E + 04 17.2
V-08 Pos 1.29E + 01 2.89E + 02 8.68E + 03 1.06E + 02 1.90E + 02 4.38E + 04 18.0
V-09 Pos 6.18E + 01 1.24E + 03 2.50E + 04 4.87E + 02 6.81E + 02 1.02E + 05 41.8
V-10 Pos 1.47E + 01 1.97E + 02 1.43E + 04 2.81E + 02 1.69E + 02 3.19E + 04 13.1
V-11 Pos 1.03E + 01 2.34E + 02 5.75E + 03 1.65E + 02 1.92E + 02 2.93E + 04 12.0
V-12 Neg - <(3.02E+00)  <(6.48E +00) 2.13E+03 5.88E + 01 1.43E + 01 4.45E + 02 0.2
V-13 Neg - <(3.52E+00)  <(7.55E+00) 4.35E + 03 2.47E +01 6.01E + 02 2.98E + 03 0.9
V-14 Pos 1.43E + 01 3.10E + 02 7.35E + 03 7.64E + 01 7.70E + 02 5.02E + 04 15.9
V-15 Pos 5.83E + 00 1.52E + 02 1.37E + 04 1.28E + 02 1.81E + 02 2.67E + 04 11.0
C-11 Pos Pos 9.35E + 00 1.35E + 02 1.61E + 04 2.99E + 02 8.71E + 01 2.56E + 04 10.5
C-12 Pos Pos 4.35E + 01 1.19E + 03 1.50E + 04 3.71E + 02 5.58E + 02 2.06E + 05 77.4
C-13 Pos Pos 9.90E + 00 1.44E + 02 1.71E + 04 3.05E + 02 1.32E + 02 2.50E + 04 10.3
C-14 Neg Neg 3.68E + 00 2.72E+01 6.10E + 03 2.26E + 02 3.98E + 01 6.47E + 03 2.7
5 C15 Neg Neg 4.06E + 00 3.03E + 01 6.86E + 03 2.47E + 02 4.88E + 01 7.32E+03 3.0
% G626 Pos Pos 3.99E + 01 1.15E + 03 1.48E + 04 2.74E + 02 4.97E + 02 1.84E + 05 57.1
2 V-16 Neg Neg 5.85E - 01 3.07E + 00 7.95E + 02 5.85E + 00 4.09E + 01 1.91E + 03 0.4
; V-17 Pos Pos 4.56E + 01 8.00E + 02 2.61E + 04 1.04E + 03 7.80E + 02 1.17E + 05 48.0
S V-18 Pos Pos 1.32E + 01 2.70E + 02 6.68E + 03 1.20E + 02 2.61E + 02 5.21E + 04 21.4
V-19 Pos Pos 1.33E + 01 2.60E + 02 5.27E+03 1.03E + 02 6.39E + 02 4.58E + 04 18.8
V-20 Neg Neg 7.43E - 01 4.02E + 00 5.91E + 02 7.34E + 00 5.81E + 00 1.21E + 03 0.5
V-21 Pos Pos 1.20E + 01 2.42E + 02 6.59E + 03 8.83E + 01 2.34E + 02 4.66E + 04 18.4
V-22 Neg Neg 7.07E + 00 1.45E + 02 5.52E + 03 1.60E + 02 7.43E + 01 1.06E + 04 4.4
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Figure 3 Statistics of the ChryEQ in training set bulk samples. Box-whiskers plot reports minimum, maximum, 25% and 75" percentiles and median value.

Table 3: Linear Discriminant Analysis summary: Wilks’ Lamba and p-values.

P-values
Comm. Classes | Wilks’ Lambda N
Co Ni Mn Cr Mg ChryEQ
Concrete 0.00379 0.3509 0.3198 0.3255 0.3668 0.0376 0.1488 0.2357
Gasket 0.08082 0.3825 0.3757 0.9539 0.3511 0.3737 0.6985 0.0083
Vinyl Floor 0.0244 0.0341 0.9988 0.5284 0.0572 0.2268 0.0899 0.0004

of the ChryEQ in training set samples (minimum, maximum,
25th and 75th percentiles and median value) of asbestos-free
materials and Chrysotile containing materials respectively for
concretes, gaskets, and vinyl floors. For all commodity types, the
statistic scores for asbestos containing materials are significantly
higher than for asbestos-free samples.

Finally, linear discriminant analysis was applied to analytical
data for each commodity class using data reported in [Table 2] in
order to recognize asbestos containing materials. The algorithms
obtained very small Wilks’ Lambda values for all commodity
classes, which indicate a good discriminating power of the model
(Table 3). Furthermore, considering the single variables, ChryEQ
confirms to have a good discriminant power (small p-value) but,
at the same time, also other elements, like for instance Cobalt in
vinyl floor and Chromium in concrete, significantly contribute to
discriminate positive and negative samples. As a result, Control
set samples were all correctly classified by LDA according to
traditional techniques results (Table 2).

CONCLUSION

The use of elemental analysis coupled with linear discriminant
analysis was effective to classify samples like positive or negative
and give a quantitative estimation of a theoretical maximum
allowable Chrysotile in a set of 50 samples, verified by traditional
techniques.

Asbestos-free samples are often characterized by a not
detectable level for at least one target element (Cobalt, Nickel or

Chromium) in ICP-OES. This approach seems very effective for
vinyl floor samples to verify asbestos-free condition down to
a 0.2% and, theoretically, down to 0.0002 % w/w, considering
the sensitivity of applied analytical techniques, when traditional
methods suffer poor quantification limit, around to 1% w/w.

This method can be a very useful pre-screening method
and co-investigation technique for ACMs analysis, especially in
combination with FTIR and XRD analysis for both organic and
inorganic matrices. It can be automated as a screening process
for large number of samples, providing a dramatic reduction of
samples to analyze with the current standard methods.

For asbestos-free debate samples, it could be valid tool to
refine as much as needed the allowable theoretical maximum
Chrysotile content in the sample. Extension of this analytical
approach to airborne samples and amphiboles could increase
complexity but appears possible.
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Table $8: ChryEQ, calculated respectevely by ICP OES for Training Set samples and by ICP MS for Control Set. Corresponding classification by standard techniques and Linear
Discriminant Analisys. The values in brackets are calculated on the basis of the ICP OES detection limits.

4 T CriEQ,, CriEQ,, CriEQ,, CriEQ,,, CriEQ,, CriEQ,,, CriEQ
(% w/w) (% w/w) (Yo w/w) (% w/w) (% w/w) (%o w/w) (% w/w)
c-01 Concrete 8.9 0.9 61.7 86.0 3.1 1.2 0.9
C-02 Concrete (6.5) 2.0 54.0 107.1 35 2.3 2.0
C-03 Concrete (6.6) (0.9) 61.1 67.7 1.8 2.0 0.9
C-04 Concrete (5.9) (0.8) 29.8 41.3 (0.9) 0.9 0.8
C-05 Concrete 10.8 3.9 52.5 66.3 7.0 6.0 3.9
C-06 Concrete 45.5 29.0 116.7 141.3 27.1 14.7 14.7
C-07 Concrete 6.6 6.3 40.5 17.1 42.2 11.9 6.3
C-08 Concrete 26.6 29.9 87.8 58.5 20.4 10.1 10.1
C-09 Concrete (9.6) 2.7 35.9 40.0 4.0 2.9 2.7
C-10 Concrete 23.6 22.3 80.6 61.3 22.9 10.8 10.8
G-01 Gasket (6.5) (0.8) 0.9 0.8 2.6 2.4 0.8
G-02 Gasket (6.3) (0.9) 1.4 2.5 1.7 28.5 0.9
G-03 Gasket (6.7) 1.4 10.9 10.3 0.9 3.6 0.9
G-04 Gasket (6.8) 4.7 975.3 143.8 8.1 1.8 1.8
G-05 Gasket 129.4 560.0 181.3 141.8 1667.2 2.5 2.5
G-06 Gasket (5.7 (0.8) 17.6 6.7 9.8 0.9 0.8
G-07 Gasket (6.5) (0.9) 7.9 113 11.8 1.9 0.9
G-08 Gasket 83.7 232.6 78.0 57.0 674.9 5.3 5.3
G-09 Gasket (6.2) 1.0 32.7 58.1 10.3 1.4 1.0
G-10 Gasket (6.0) 1.0 31.7 55.6 10.6 1.4 1.0
G-11 Gasket (6.2) 1.1 37.0 59.1 10.8 1.5 1.1
G-12 Gasket 91.9 4562.1 60.1 49.7 1627.0 37.8 37.8
= G-13 Gasket (5.5 1.8 50.5 61.7 13 2.4 1.3
3 G-14 Gasket 17.4 35 74.0 112.5 33.8 7.4 3.5
% G-15 Gasket (6.4) 1.7 55.2 48.5 50.8 3.0 1.7
2 G-16 Gasket 27.5 53.7 18.8 23.5 39.8 31.2 18.8
§ G-17 Gasket 43.8 84.8 29.3 35.2 65.1 50.6 29.3
= G-18 Gasket 57.4 97.8 37.6 423 84.3 53.9 37.6
G-19 Gasket 59.1 99.8 40.4 45.6 93.9 56.0 40.4
G-20 Gasket 64.7 109.0 36.9 429 85.3 53.1 36.9
G-21 Gasket (6.7) 11.2 2.3 2.8 8.6 2.0 2.0
G-22 Gasket 61.1 63.3 672.2 155.2 49.2 47.7 47.7
G-23 Gasket 36.4 71.9 24.1 29.2 50.4 23.8 23.8
G-24 Gasket 53.4 88.8 35.1 40.6 81.8 50.2 35.1
G-25 Gasket 53.6 93.7 36.2 38.1 77.1 50.2 36.2
V-01 Vinyl floor (6.7) 3.4 0.6 2.5 (0.4) 1.1 0.4
V-02 Vinyl floor (6.8) (0.9) 1.0 11.9 (0.8) 0.3 0.3
V-03 Vinyl floor (6.8) (0.9) 1.0 3.7 (0.5) 1.9 0.5
V-04 Vinyl floor (6.8) (0.9) 0.9 12.8 (1.0) 0.4 0.4
V-05 Vinyl floor (6.1) (0.8) 9.9 48.6 (0.4) 20.6 0.4
V-06 Vinyl floor (6.2) (0.9) 1.1 6.2 (0.6) 0.4 0.4
V-07 Vinyl floor 27.1 39.7 384 17.2 49.0 19.2 17.2
V-08 Vinyl floor 24.3 34.8 48.2 22.0 38.8 18.0 18.0
V-09 Vinyl floor 116.6 149.5 138.8 101.4 1389 41.8 41.8
V-10 Vinyl floor 27.7 23.7 79.3 58.6 34.5 13.1 13.1
V-11 Vinyl floor 19.4 28.2 31.9 34.4 39.2 12.0 12.0
V-12 Vinyl floor (5.7) (0.8) 11.8 12.2 2.9 0.2 0.2
V-13 Vinyl floor (6.6) (0.9) 24.1 5.1 122.7 1.2 0.9
V-14 Vinyl floor 27.0 37.4 40.8 15.9 157.1 20.7 15.9
V-15 Vinyl floor 11.0 18.3 76.0 26.7 36.9 11.0 11.0
C-11 Concrete 17.7 16.2 89.6 62.3 17.8 10.5 10.5
C-12 Concrete 82.5 143.6 83.3 77.4 113.9 84.6 77.4
C-13 Concrete 18.8 17.3 94.8 63.5 27.0 10.3 10.3
C-14 Concrete 7.0 33 339 47.0 8.1 2.7 2.7
= C-15 Concrete 7.7 3.7 38.1 51.4 10.0 3.0 3.0
: G-26 Gasket 75.8 138.1 82.4 57.1 101.4 75.6 57.1
2 V-16 Vinyl floor 1.1 0.4 4.4 1.2 8.3 0.8 0.4
E V-17 Vinyl floor 86.5 96.4 145.3 216.9 159.1 48.0 48.0
S V-18 Vinyl floor 25.0 32.6 37.1 25.0 53.2 214 214
V-19 Vinyl floor 25.3 31.3 29.3 21.5 130.5 18.8 18.8
V-20 Vinyl floor 1.4 0.5 33 1.5 1.2 0.5 0.5
V-21 Vinyl floor 22.7 29.1 36.6 18.4 47.7 19.2 18.4
V-22 Vinyl floor 13.4 17.4 30.7 33.2 15.1 4.4 4.4
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