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Figure 1. Aspect and characteristics of the samples.
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Figure 2. Table of color effects [28] published by Staub, 1955.
2.3. Scanning Electron Microscope (SEM)

The SEM used was a FEI (FEI Company, Hillsboro, OR, USA) operating at 5 and 20 kV.
This technology has a resolution of 0.01 um, for conductive samples, in contrast to the 0.25 pm
resolution of the PCOM [25,29]. In this case the resolution of the SEM depends on the grain size of the
sputtered coating material (gold) because asbestos is a non-conductive material. It has been used to
acquire qualitative images that are subsequently compared with those obtained from the PCOM.

2.4. Methodology

A schematic description of the analysis methodology is reported in Figure 3. For each original
sample, two microscopic analyses were carried out: the first on the original samples and the second on
the ground samples. The main action of this analysis is to submit both original and ground samples to
counting and measuring using the PCOM. SEM was used for a visual comparison to PCOM images.

All the steps will be illustrated in the following subsection.

|j‘> PCOM |:> Fibre count and

measurement of

@ Ij‘> SEM their size
g

‘ Ground sample

‘ Original sample ‘E>‘ Microscopic observation

E> PCOM E> Fibre count and
measurement of

Figure 3. Analysis procedure flowsheet.

|j‘>‘ Microscopic observation ‘

2.4.1. Sample Preparations for Microscopic Observation

The first analysis step consisted of the preparation of samples for observation with PCOM and
SEM. This action was carried out both for the natural samples and the ground samples.

For the PCOM observation, a portion of the sample was placed on a microscopic slide and
immersed in a refractive index oil. To recognize a tremolite asbestos, a liquid with a refraction index
equal to 1.615 is suggested [30]. In this study, a liquid with a refraction index of 1.600 was used.
This value, slightly lower than the refraction index of the investigated material, allows a maximum
contrast between tremolite crystals and the background, reducing the chromatic effect and the halo

surrounding the particles. This optical condition is useful for observing the particles with image
software programs.
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The sample weight must only be considered indicative of a good PCOM observation and particle
measurement. In Table 2, the quantity, in milligrams, of material located on the slide is shown.

Table 2. Amount of material on the microscopic slide for each sample.

Sample Nomenclature ~ Natural Sample (mg) Ground Sample (mg)
Bracchiello 0.6 0.3
Monastero 0.2 0.3

Caprie 0.3 0.3
Verrayes 0.3 0.3

For SEM observation, the sample must be attached to a stub; each sample was prepared by mixing
10 mg of material in 200 mL of deionized water. Subsequently, 7.5 mL of this mixture was filtered on a
polycarbonate membrane (0.4 um porosity) and fixed on a metallic stub. After that, the specimen must
be coated with a thin layer of gold, essentially to abate the increase of high-voltage charges on the
specimen and dangerous heat [31].

2.4.2. Grinding

The tremolite behavior after a grinding process was studied by subjecting an amount of original
sample, approximately 700 mg, to grinding for 1 minute in an agate jar closed with a sealing gasket lid
(model number 952/2 from Humboldt-Wedag). The jar had a hardness of 7.0 Mohs and its dimensions
were: diameter of 109 mm, height of 55 mm, and maximum volume of filling of 30 mL.

The fundamental characteristics of the engine’s mill were a power of 200 W and a voltage of
230 V/50 Hz. The jar was perfectly fixed and the movement of the crusher was oscillating with
eccentric mass.

All the steps of the analysis procedure, such as the selection of the sample, the extraction of
the grinding material from the jar, and the preparation of the sample for observation, may lead to a
potential exposure to tremolite fibers. Therefore, all steps were carried out using adequate protection
devices and under a fume hood (Black Activa Plus from Aquaria).

2.4.3. Decision-Making Processes for Counting and Measurement of Particles

The counting and measurement of each particle were carried out on PCOM images. Eight sample
slides were analyzed, four belonging to the original samples and the other four to the grinding samples.
For each slide, the number of observation fields had to be selected, as shown in Table 3, and this
depended on the object dimensions.

Table 3. Number of fields examined and particles counted for each sample.

Original Sample Ground Sample
Sample
Nomenclature Number of Fields Number of Number of Fields Number of
Examined Particles Counted Examined Particles Counted

Bracchiello 100 240 36 331
Monastero 10 2929 25 358
Caprie 100 669 25 288
Verrayes 25 562 25 458

The number of fields investigated differed considerably among the original samples, mainly due
to the different dimensions of the particles. A 10x objective has been used for original samples, while a
40x objective for the ground samples. Length and width of particles were measured for each field.
The decision-making process is illustrated in Figure 4.
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Counting and measurement
of particles size

Is the field of
observation Yes.
overcrowded? Use an external image analysis
program, working on the images
acquired with PCOM
No.
Useanimage program
connected with the PCOM

Figure 4. Decision-making process for particle counting and measurement on phase contrast optical
microscope (PCOM). Relationship with the field of observation overcrowding.

More precisely, in the case of readable fields of observation (not crowded), real-time measurements
were made directly on the image coming from the microscope camera to a monitor. In crowded fields,
all the acquired images were instead studied offline with a free image processing software, Image],
and both length and thickness were measured. In Figure 5, two images are shown to illustrate field
overcrowding, which affected the decision-making process.

Figure 5. Examples of field crowding for counting and measuring elements: (A) Readable field,
(B) crowded field.

Crystalline particles can be categorized as:

e  Fibrous: long and thin fibers;

e  Prismatic: elements with a significant thickness and flatness (resulting from planar rupture) or
acicular extremities;

e Acicular: long and thin fibers with at least one needle-shaped end;

e Bundle of fibers: indistinguishable elements inside a bundle, where one exists.

The dimensional distinction between fibrous (asbestiform) and prismatic (non-asbestiform)
components was made according to the Health and Safety Executive [24]. For HSE “the asbestiform
habit is recognized by the following characteristics:

e  Arange of aspect ratios ranging from 20:1 to 100:1 or higher for fibers longer than 5 um;
e The capability of splitting into very thin fibrils;
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Two or more of the following:

- Parallel fibers occurring in bundles;

- Fiber bundles displaying frayed ends;

— Fibers in the form of thin needles;

- Matted masses of individual fibers; and/or
- Fibers showing curvature.”

2.4.4. Closing Remarks on the Counting and Measurement of Particles

The counting and measurement of particles in each field were realized based on the

following considerations:

Only crystalline elements falling within the outline of the microscopic reticle, and not the particles
exceeding this area, have been considered, as shown in Figure 6;

The fields of observation are casually selected inside the coverslip, more precisely following a
grid and each field is not repeatable;

During the measurement, fiber and/or fragment elements having length > 5 pm, without
any restriction in the diameter, have been included; 5 pm is a threshold coming from the
regulated fibers definition (>5 um in length, <3 pm in diameter width, length/diameter (aspect)
ratio > 3:1) according to the World Health Organization and adopted in the Italian Minister Decree
06.09.94 [13,29]. It was chosen to not use the diameter threshold because we needed to measure
the width of prismatic components, which are much greater than 3 pum;

Particles are individually counted but, in the case of a bundle of crystalline elements, where these
touch or cross each other it was counted as one fiber;

In a prismatic fragment, which appears acicular or irregular at one or more point of its length,
the diameter is measured along the section. This chosen section must not be influenced by breakage;
A sufficient number of fields to reach the hundreds of elements were observed.

< /

A NO B NO C i YES

Figure 6. Particle counting: (A,B) If the elements are cut by the outline of the microscopic reticle,
these will be discarded, and (C) if the elements fall within the outline of the microscopic reticle,
these will be considered [24].

3. Results

Table 4 summarizes all the information about the preparation and observation of samples, ground

or not, using PCOM.

Figure 7, PCOM, and Figure 8, SEM, contain the most significant images for both the original and

ground samples to give a visual comparison.
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Pre-grinding (10x) Post-grinding (40x)

Bracchiello

Monastero

Caprie
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Figure 7. PCOM images (A) before and (B) after grinding.
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Figure 8. Scanning electron microscope (SEM) images, before (A) and after grinding (B).
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Table 4. Summarized information about original and ground samples.

Sample nomenclature Bracchiello Monastero Caprie Verrayes
Weight on slide (mg) 0.6 0.2 0.3 0.3
Original PCOM objective 10% 10% 10% 10%
samples
Refractive index of oil 1550 1600 1600 1600
Fields of observation 100 fields (20 x 5 strips) 20 100 fields (20 x 5 strips) 25
Coverslip area (mm?) 25 %25 34 x 40 25 x 25 25 x 25
Number of particles 240 2929 669 526
analyzed
Sample nomenclature Bracchiello Monastero Caprie Verrayes
Weight on slide (mg) 0.3 0.3 0.3 0.3
Ground PCOM objective 40x 40x 40x 40x
samples
Refractive index of oil 1600 1600 1600 1600
Fields of observation 25 25 25 25
Coverslip area (mm?) 25 x 25 25x 25 25 x 25 25x25
Number of particles 331 358 288 458

analyzed

The charts in Figure 9 show the results of the granulometric analysis, more precisely the trend
in particle length before and after the grinding process. These graphs are frequency histograms,
where each class of length is related to its frequency (%). A 5 pm minimum value for length has been
chosen according to the minimum value in the respirable fiber definition from WHO [18]. For each
class of length, the peak height is defined by the percentage frequency (%) as:

(n.of fibers);

Yoy = .
'™ total number o f fibres observed =

)

where i is the ith class of length.

The difference in colors adopted in the graphs shown in Figure 9 helps to recognize the two steps
of analysis: yellow for the original samples and green for the ground samples.

The bar charts in Figure 10 illustrate the difference between fibrous and prismatic components
before and after grinding based on the Health and Safety Executive definition [29]. A fiber is a
component with a length—diameter ratio higher than 20, otherwise, it can be considered a prism.

Therefore, the number of fibrous (L/D > 20) and prismatic (L/D < 20) components were determined
for the two-step analysis and their percentage frequency was defined as follows:

n.of fibers with+ > 20).
(n.of f 5 > 20), 100, @

%; fib = '
if ibrous (total number of fibres observed);

(n, of fibers with% < 20)1,
-100 3
(total number of fibres observed); ~ ®)

Yoiprismatic =

where i is the it status of the sample (original or ground).
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Figure 9. Percentage frequency of particles in each sample, before and after grinding.
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Figure 10. Amounts of fibrous and prismatic component according to the Health and Safety Executive
(HSE) [23] before and after grinding.
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4. Discussion

4.1. Granulometric Analysis

The results from the granulometric analysis, shown in Figure 9, demonstrate a similarity in the
reduction of component length. The original samples are characterized by a great frequency of particles
located in the 5-25 um and 100225 um classes. These two classes delineate two obvious peaks and
there is one in the 75-100 pm class with a lower frequency. The grinding action is shown by the green
curve. This process highlights an attenuation of the second peak (100-225 pum) and a growth in the
first (5-25 um). The long components have a reduction of their length and there is an increase of short
elements inside the 5-25 um class. In short, particles undergo a break perpendicular to the length
during grinding and this action causes a reduction of their length. This case is different from the classic
asbestos breaking method, which is defined as a longitudinal split of the fibers.

The elements with lengths lower than 5 pm were not considered, because they are not covered in
the definition of a respirable fiber by the World Health Organization [13]. The graphs in Figure 6 show
a high concentration of ground particles around 25 um. The maximum diameter is 2.5 um, ten times
higher than the limits of PCOM. Therefore, PCOM is a reliable instrument for this kind of analysis.
Moreover, the SEM analysis on the ground samples has permitted checking of the accuracy of the
previous analysis. This is especially valuable to avoid errors related to the particle dimensions.

4.2. Dimensional Analysis Based on the Health and Safety Executive Definition

The results of the dimensional analysis, shown in Figure 10, illustrate the variation in the
fibrous and prismatic components before and after the grinding process. Looking at the original
sample, the yellow bars, Bracchiello and Caprie present more accentuated prismatic components in
comparison to the Verrayes sample. The Monastero sample is characterized by the presence of a fibrous
component. After the grinding process (the green bars) there is a % decrease of the fibrous elements,
with a consequent increase of the prismatic component, which is especially marked for Verrayes and
Monastero (decreases of 32% and 27%) and slight for Caprie and Bracchiello (decreases of 9% and 6%).

5. Conclusions

The aim of this study was the evaluation and analysis of tremolite behavior submitted to
anthropic (or natural) mechanical actions, which subsequently contribute to the release of fibers
into the environment. It is important to underline that tremolite in nature can be present in two
crystalline habits: asbestiform (fibrous) or non-asbestiform (prismatic). Therefore, the objective is
pointed towards the evaluation of morphology changes in fibers or prism particles after a grinding
process. The dimensional analysis, which is based on a direct measurement of the particle size (length
and diameter), has allowed the study of these changes by means of the definition from the Health and
Safety Executive. HSE distinguishes the fibrous component from the prismatic using the ratio between
length and diameter (L/D higher than 20 defines a particle as fibrous).

The results of this research indicate that the prevalent morphology of an amphibolic mineral
(in this case, a tremolite asbestos) can change habit. This is the case for the Monastero sample,
which initially appeared fibrous but after the grinding process its fibrousness was reduced because
the production of prismatic elements took over. The other samples, which initially contained a high
content of prismatic particles, were subject to further increases in their prismaticity. The dimensional
analysis allowed realistic and reliable results to be obtained for both the samples’ composition and for
the effects of grinding.

Regarding the carcinogenicity aspects of asbestos, the production of prismatic components in
an amphibolic mineral by means of grinding action (digging or earthmoving), can generally be a
safer situation for the exposed subjects, such as workers and inhabitants. This is an interesting theme
focused on the relationship between the crystalline particle breaking methods and their impact on
the respiratory system. In fact, as previously exposed, many experimental studies carried out by
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