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ABSTRACT:
Inorganic fibres especially asbestos have been widely used as a raw material in the
construction industries. However, asbestos is now recognised as a carcinogenic material.
Therefore, asbestos removal is being widely undertaken. But the hazards increase at this
stage as the material is disturbed. Dry removal was found to be an exhausting operation
producing a high concentration of fibres. The spraying or injection of wetting agent into
the material reduces the hazard associated with the removal process by aggregating the
fibres together. The airborne concentration of fibres is then considerably reduced.
Raman microspectroscopy has been shown to be a very powerful technique for the
identification of micrometer-sized fibres and particles, with little or no sample preparation.
Such spectra are sensitive to the composition of the material and can often be used to
distinguish between similar species. Raman microscopy also provides important
information about surface coverage of such materials with a spatial resolution between 2
and 4 pm.
Raman spectra were obtained from five asbestos reference standards in comparison
with four non-fibrous analogues. The different species such as amosite, anthophyllite,
chrysotile, crocidolite and tremolite gave distinct spectra. There were no very distinct
differences between the spectra of asbestos fibres and their non-fibrous forms except
sometimes in the v(OH) stretching region or band width in the case of tremolite. The
reference spectra have been used for identification of known and unknown (industrial
samples) fibres on cellulose filters. Moreover, other inorganic particles on cellulose filters
have been identified.
The discrimination between pure diesel and coal particles on quartz filters and the
identification of gunshot residues on paper substrates were also successfully achieved.
The coverage of wetting agents on the surface of inorganic fibres connected with
asbestos removal operations have been also investigated. Basic laboratory experiments were
undertaken. Several inorganic fibres such as man made and asbestos fibres as well as
calcium silicate were wetted using different processes: spraying, dipping and capillary
adsorption in order to measure the distribution of wetting agents on individual fibres.
Insulation materials, usually composed of calcium silicate and asbestos fibres from
asbestos removal sites, were collected and also analysed by Raman microspectroscopy.
Finally, the effectiveness of suppressing dust was measured on wet industrial samples
using a rotating drum tester and the data correlated with Raman measurements.
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1. Introduction.
The characterisation of pollutants such as asbestos fibres or diesel particles in the
atmosphere is very important due to the hazards arising from the inhalation of these
carcinogenic particles. Health and Safety Laboratory (HSL) in Sheffield possesses a
large number of instruments (optical and electron microscopes, chromatographs,
infrared and x-ray spectrometers) allowing the identification of fibres and particles.
Nevertheless, Raman microspectroscopy, which is now a well established research
technique in the Materials Research Institute at Sheffield Hallam University, can also
provide useful information, at the molecular level, from micrometer size particles. HSL
was very interested in using this powerful technique for a research project based on
‘dust control’ especially from silicate fibres. Therefore, the research work discussed in
this thesis is a project, based at Sheffield Hallam University and associated with and
sponsored by the Health and Safety Executive (parent body of HSL).

1.1. Fibre definition.
Fibres are found everywhere around us from hairs, wool and textile fibres, nylon
used for making tights, to asbestos and glass fibres used in insulation materials. The
fibres can be classified into natural-occurring and man-made fibres, which can
themselves divide into organic and inorganic fibres as shown in figure 1.1.

A fibre is “a slender, elongated structure”1. Moreover, fibres possess parallel
sides, distinguishing them from dust. A fibre is also characterised by a minimum length
and a minimum aspect ratio (the ratio of length to diameter or width). The World Health
Organisation has defined a fibre as a particle which has a length greater than 5 pm and
an aspect ratio equal or greater than 3:1 . The fibres having a diameter less than 3 pm
are considered to be respirable . Respirable fibres are fibres which can be inhaled deep
into the lungs. The length of a fibre has little influence on its aerodynamic properties. It
is agreed that fibres having a length greater than 200 to 250 pm are non-respirable since
they are too long to deposit in the lung.

Asbestos fibres can be split into very thin fibres having a diameter of less than
0.05 pm . The Man Made Vitreous Fibres (MMVF) which are synthetic glass fibres,
have typical diameter greater than 3 pm. The average diameter is 5 pm with some fibres
2
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thinner than 1 and thicker than 20 pm . Organic fibres such as hairs possess a diameter
many hundred times thicker than asbestos.

1.2. Asbestos and man made mineralfibres.
The most familiar inorganic fibres are probably asbestos. The term asbestos is
derived from the Greek word meaning inextinguishable or unquenchable. Asbestos
fibres are naturally occurring silicate minerals which were mined for their useful
chemical and physical properties including high tensile strength, flexibility,
incombustibility, low thermal conductivity and chemical inertia5. In general, asbestos
does not degrade below a temperature of 500°C. Only six minerals, belonging to two
broad groups, serpentine and amphibole, are classified as asbestos. Actinolite, amosite,
anthophyllite, crocidolite and tremolite are amphiboles while chrysotile is a serpentine
member. All asbestos minerals can also occur with a different morphology as mineral
fragments which are non-fibrous varieties. Compared with asbestos fibres, these crystals
are not hazardous.
The man-made vitreous silicate fibres are manufactured fibres from glass or
rock. They are oxides, mainly silica SiC>2 and are called silicate glasses. They include
textile glass fibres, glass fibres produced for air and liquid filtration and fibres used in
insulating and ceiling tile products (glass wool, rock and slag wool and refractory
ceramic fibres) which are often called “mineral” fibres in the literature.

The properties of asbestos have been known for over 4000 years. The embalmed
bodies of the Pharaohs were wrapped in asbestos clothes to preserve them against the
ravages of time. Asbestos was also incorporated to clay for strengthening pots. The first
written mention of asbestos by Theophrastus, one of Aristotle’s students, appears
around 300 B.C in the Greek text “On Stones”. It is described as a substance that looks
like rotten wood and bums without harm when doused with oil6. But, it is only in the
mid 19th century, that asbestos was first mined commercially in significant quantities
when high pressure and temperature engines become more common and therefore a
more effective insulant and packing material was needed. During the first half of the
20th century, asbestos was widely used as an insulating materials in army ships and after
the Second World War in the building construction. It is mixed with cement and sprayed
as asbestos coatings to protect steel structures against fire in high rise buildings.
4

Asbestos is combined with plastic to be used in buttons, telephones and electrical
panels. Vinyl asbestos floor tiles are also produced. Asbestos finds other applications
such as automobile brake shoes or filters to purify fruit juice, wine and sugar. The fibres
are also woven into cloth used for fire-proof suits and parachute flares. Chrysotile is the
most commercially valuable asbestos because of its silky flexibility and, in general,
greater fibre length than amphiboles. In general, 95 % of the world-wide deposits of
asbestos are chrysotile and only 5 % are amphiboles . The largest deposits of chrysotile
are in Canada and Russia while those of amphiboles are in South Africa. In the 1970s,
there was public concern about the health hazards of asbestos and asbestos production
g

reached its maximum at 5 million tons per year .
The production of glass wool and refractory ceramic fibres began in the 1930s
and 1940s, respectively. In 1985, the world-wide production of man-made mineral
fibres (MMMF) exceeded 6 million tons which was more important than the peak of
asbestos production in 1970s. MMMF is now used to replace asbestos in industrialised
g

countries . However, in 1997, 2 million tons of asbestos was still used, mostly for
£
asbestos-cement products in Asian, eastern European and developing countries".

Silica, asbestos and man made mineral fibres (MMMF) are inorganic particles
mainly composed of silicon and oxygen, and all three are known or suspected
carcinogens.
Relatively high concentrations of crystalline silica show a risk for lung cancer.
From epidemologic studies, there is little evidence for lung cancer induced by ManMade Mineral Fibres. The International Agency for Research determines that glass
wool, rock and slag wool and refractory ceramic fibres are only possibly carcinogenic.
Nevertheless, it is now well established that asbestos is associated with the development
of pulmonary and pleural diseases, such as asbestosis, lung cancer and
9 10

mesothelioma ’ . One of the properties of asbestos is to break down into millions of
fine invisible fibres which can be breathed deeply and retained in the lungs indefinitely.
These fine fibres can cause irreparable damage and be responsible for the development
of incurable diseases. Since the beginning of the 20th century, asbestosis, which is a
pulmonary fibrosis, is recognised as a disease connected with the exposure of asbestos.
Mesothelioma, a cancer which affects the membrane lining of the chest or abdomen,
was identified in the 1950s. Other cancers of the gastro-intestinal tract and larynx are

also related to asbestos exposure. In the mid 1960s, it became apparent that even low
concentrations of asbestos represent a health hazard. The risk of contracting diseases
related to asbestos depends on several factors:
- the cumulative dose or total exposure to which the person is exposed,
- the time since the first exposure,
- and the type and size of the asbestos fibres.
Both MMMF and silica are classified in Group 2B whereas asbestos belongs to
the Group 1 in terms of toxicity. However, chrysotile is considered less carcinogenic
than the amphiboles. Chrysotile fibres, the only asbestos which belongs to the serpentine
group, are retained in the lungs for a shorter time than amphiboles11.

From the end of the World War II up to 1980, asbestos was the material of
choice against fire and as a thermal and acoustic insulator, was used in schools, homes,
industries, office and public buildings. The asbestos containing materials used in
building construction are: asbestos cement, insulation boards, fire proofing panels, floor
and ceiling tiles, lagging for boilers and pipes, sprayed coatings... These products are
mainly made of chrysotile, which is still used in the production of various asbestos
containing materials, and amosite and crocidolite which have been prohibited since
12

1987 . Asbestos encapsulated, or bonded in a matrix, does not show a potential health
risk. Risks arise during mining, manufacture of asbestos containing materials (drilling,
sawing...) or when the products are damaged or disturbed. In the case of asbestos
cement, for example, the concentration of fibres released in the atmosphere is in general
very low during the working life time. However, friable materials such as asbestos pipe
lagging tend to release a greater number of free fibres as they can be reduced to dust just
under hand pressure. In 1984, there was evidence that asbestos cement pipes can pollute
the water distribution system with asbestos fibres. Because of the potential risk
associated with the presence of asbestos fibres in the air of public buildings, chemical
13 14

industries and schools ’ , asbestos is now being progressively removed. But the
hazards increase during this process as the material is disturbed. Dry removal is found to
be an exhausting operation. The operators have to wear protective clothing and high
efficiency respirators making work conditions difficult when the ambient temperature is
high. The concentration of fibres in the atmosphere is extremely high and
decontamination of the site after removal is difficult and costly. The removal of
6

contaminated cloths and respiratory equipment by the operators is also a very hazardous
operation. The spraying or injection of wetting agent inside the material reduces the
hazard associated with the removal process by aggregating the fibres together. The
concentration of fibres in the atmosphere is therefore considerably reduced. Indeed, the
level of airborne fibres can be reduced from hundreds to less than 1 fibres/ml by using
wetting and penetrating agents15. In the UK, the Approved Code of Practice ‘Work with
Asbestos Insulation, Asbestos Coating and Asbestos Insulation Board’ imposed the use
of dust suppression methods during asbestos removal. An alternative to asbestos
removal, is encapsulation. The asbestos material is sprayed with a solution when dry,
this forms a coating over the material. In this case the material is not removed.
It is estimated that 0.5 million tons per year of asbestos containing materials are
removed from buildings (in the UK). These materials are either double bagged and
disposed of underground in landfill sites or resold , in many cases where only chrysotile
asbestos is present, as chrysotile is less carcinogenic than amphibole asbestos.
No material as good as asbestos is available to replace it. MMMF such as glass
wool are now used, exchanging one risk for another. MMMF does not possess
incombustibility properties as good as asbestos, increasing the risk of fire. Moreover, the
risk of such fibres is currently a topic of debate.

It should be noted that asbestos exposure can arise from fibrous contamination
of other products. Talc, for example, sometimes contains small amounts of asbestos
such as tremolite or anthophyllite and the use of cosmetic talcum powders may produce
a significant asbestos exposure.

1.3. The UK regulations concerning asbestos fibres.
Concerning the exposure of workers to asbestos fibres, the Control of Asbestos
at Work Regulations (CAWR) established limits for short and long work periods, called
control limits and action levels respectively16.

The control limits, for short time exposure, are as follows:
- for the five amphibole asbestos materials or any mixture of any of these five
amphiboles with chrysotile: 0.2 fibres/ml during 4 hours or 0.6 fibres/ml during 10
minutes.

7

- for chrysotile alone: 0.5 fibres/ml during 4 hours or 1.5 fibres/ml during 10 minutes.

The action levels for long time exposure, over a period of 12 weeks, are as
follows:
- for the five amphibole asbestos materials or any mixture of any of these five
amphiboles with chrysotile: 48 fibre-hours/ml.
- for chrysotile alone: 96 fibre-hours/ml.

Moreover, after asbestos is removed or encapsulated, the concentration of
asbestos fibres, called the clearance indicator, established by the Approved Code of
Practice Work, cannot exceed 0.01 fibres/ml16.

There is no regulation in the UK concerning the exposure of workers to MMVF.
Typically, man made fibres are not respirable since their diameters are greater than 3
pm.

1.4. HSL techniques fo r asbestos identification andfibre counting.
Since the inhalation of asbestos dust is associated with lung and other diseases, it
is therefore necessary to identify the asbestos and measure the concentration of airborne
fibres.
For bulk fibre samples, the simplest and cheapest identification procedure is the
17

Polarised Light Microscopic (PLM) method . Transmission and scanning electron
microscopies (TEM, SEM) are also very useful in the case of very small samples or
17

short fibres, especially when coupled with Energy Dispersive X ray (EDX) analysis .
For asbestos monitoring, measurements are taken by drawing a known volume
of air through a membrane, generally a cellulose filter of 0.8 to 1.2 pm pore size. The
filter is placed in a holder fitted with an electrically conducting cowl (figure 1.2). The
holder is connected to an adjustable pump by a flexible tube (figure 1.2). A cap is used
to protect the filter from contamination during transport. The airborne concentration of
asbestos fibres on filters is then measured using the Phase Contrast Microscopic
(PCM)16 method.

8

(a)
Filter
housing

Tubing
Connector

Filter support
...--F ilter
— - 'O' ring
spacer
Main body
of cowl X

Proctective
cap

Figure 1.2. Equipment used to collect and monitor airborne fibres, (a) Sample head connected
to a pump, (b) Sample head scanned from MDHS 39/416.

1.4.1. Polarised Light Microscopic method.
For Polarised Light Microscopic analysis, the fibres are placed on a glass slide,
split up using tweezers, immersed in a liquid o f known refractive index (RI) and
covered with a glass slip. For a successful analysis, the RI of the liquid needs to be close
to one of the two observable RI of the asbestos fibres. The physical properties and
appearance of the fibres, under the stereo microscope, are used to choose the RI liquid.
Using plane polarised light, the relief and Becke line test can confirm the appropriate RI
liquid. The relief which is the contrast observed between the fibre and its liquid has to
be small for a correct RI. The Becke line test is performed by partially closing the
condenser iris. In this case, a bright halo or Becke line can be observed at the edge o f the
particle if a difference in RI between the liquid and the fibre exists. If the halo moves
into or away from the fibre when the microscope stage is raised, it indicates a lower or
greater RI of the liquid than of the fibre respectively. The typical RI liquid are reported
in table 1.2.
The identification of asbestos using plane polarised light can now be performed
and is based on the morphology, colour and pleochroism, birefringence, extinction
characteristics, sign of elongation and dispersion staining which are briefly described
18

below . The microscope is equipped with a polariser which is inserted below the
condenser. For observation under crossed polars, an analyser, which transmits only light
having passed through an anisotropic object such as asbestos, is inserted. In this case,
the fibres are observed against a dark background. This analyser is inserted to observe
9

birefringence, the extinction and sign of elongation characteristics. A first order red
compensator also needs to be inserted to determine the elongation sign of fibres.

a. Morphology.
The asbestos fibres occur in an asbestiform habit which is defined by the
following characteristics:
- an length width aspect ratio from 20:1 to 100:1 or higher for fibres longer than 5 pm.
- the ability to split into very thin fibrils.
- two or more of the following characteristics: closely packed bundles of fibrils, fibre
bundles with frayed ends, fibres in the form of thin needles, matted masses of individual
fibres and curved fibres.

b. Pleochroism.
The colour of asbestos may change depending on the orientation of the fibres
parallel or perpendicular to the polariser. Crocidolite gives a dark blue colour when the
fibres are parallel to the polariser changing to blue grey when the fibres are
perpendicular to the polariser. Actinolite has a green colour when the fibres are parallel
to the polariser, changing to pale green, grey or yellow when the fibres are perpendicular
to the polariser. However, the other asbestos fibres show little changes in colour using
plane polarised light.

c. Birefringence.
The birefringence is the magnitude difference between the highest and lowest RI
of a mineral. Asbestos fibres show specific interference colours depending on their
birefringence and thickness when they are orientated between crossed polars at about
45° to the polariser. The birefringence magnitude and interference colours for asbestos
are reported in table 1.2. It should be noted that glass fibres which are usually isotropic
materials appear dark in all directions between crossed polars.

d. Angle o f extinction.
Asbestos, as many fibres, shows complete extinction when the fibres are parallel
or nearly parallel to the polariser or the analyser (see table 1.2).
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e. Sign o f elongation.
The sign of elongation expresses the relationship between the shape of the fibre
and the optical characteristics. The fibre is called length slow (positive elongation) when
the high RI vibration plane is parallel to the long axis. The fibre is called length fast
(negative elongation) when the low RI vibration plane is parallel to the long axis.
Between crossed polars with a compensator inserted at 45°, the sign of elongation is
determined by looking at the colours of the fibres orientated NE-S W (North East - South
West) or NW-SE (North West - South East) (see table 1.2). Crocidolite is the only
asbestos having a negative elongation .

f Dispersion staining.
Using white light, dispersion colours are observed when a particle and its liquid
medium have a similar RI at one wavelength but a significantly different RI at other
wavelengths. Intense dispersion staining colours can be produced by using a dispersion
staining objective or a phase contrast objective. The different colours observed when
fibres are oriented parallel or perpendicular to the polariser are summarised in table 1.2.

Using the PLM method, it can become difficult to identify the varieties of
asbestos if the specimens are exposed to a temperature of over 500 °C for a prolonged
period of time since changes in colour, birefringence, sign of elongation, pleochroism
can occur

19,20

1.4.2. Electron Microscopy.
Microscopes using visible light as a source of illumination have a limited
resolution. Diffraction effects make it impossible to observe details smaller than 0.1
21

pm . A typical laboratory microscope with x 40 objective of numerical aperture (NA)
21

0.7 has its resolution limit at about 0.5 pm . The resolution limit for phase contrast
microscopy, using the X 40 objective (NA: 0.65 - 0.7) and eyepieces with a
magnification of 12.5, is 0.2 pm16.
In electron microscopy, an accelerated electron beam is used as a source of illumination.
The electron beam possesses a wavelength many times shorter than that of light photons
and therefore electron microscopy has a smaller diffraction-limited resolving power.
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Table 1.2. Asbestos properties for identification by PLM.
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The electron microscopes can be classified in two categories: the transmission
and reflection light microscopes. The transmission light microscopes such as the TEM
(Transmission Electron Microscope) look at the internal structure of translucent
specimens whereas the reflection light microscopes such the SEM (Scanning Electron
Microscope) look at the outside features.

1.4.2.1, The basic principle o f SEM and TEM.
In SEM, an electron beam with energies up to 30-40 keV is focused on the
surface of the sample and scanned across it. The electrons can interact with the matter in
many ways. Only the emitted secondary electrons and backscattered electrons (or
reflected primary electrons) are normally used in the SEM image formation. The
intensity of the emitted and reflected electrons is very sensitive to the angle between the
incident beam and the sample surface and therefore changes with the topography. The
scattered electrons are detected, amplified and used to vary the brightness of a second
beam of electrons scanned in synchronism with the first beam on a cathode ray tube
display.

In TEM, the electron beam is concentrated on the sample by a condenser lens.
The transmitted electrons passing through the sample are focused by the objective lens
to produce a magnified primary image. A projector lens enlarges this image which forms
the final image on a fluorescent screen or a photographic film.

SEM and TEM can be coupled with Energy Dispersive X-ray analysis. Indeed,
under electron bombardment, X-ray photons with wavelength and energy characteristics
of the elements in the sample are emitted. This spectrum can then be used for elemental
analysis.

1.4.2.2. The SE M and TEM applied to asbestos fibres.
For SEM analysis, the specimens are mounted onto pin stubs and then sputter
coated with a thin layer of gold or carbon which gives a conducting surface and
dissipates the static charge from the electron beam. SEM instruments give an image
showing the morphology of the specimen under study and with an X-ray analytical
attachment (EDX) can provide qualitative and quantitative analysis of the elements
present.

In SEM, the resolution is mainly limited by the diameter of the electron beam
which scans the samples. Modem SEMs can achieve a resolution of about 5 nm with an
idealised sample, but in practice the resolution is much smaller

22

. The identification in
22

SEM-EDX is limited to fibres with diameters thicker than 0.1 pm . The EDX spectrum
from fibres with diameters less than 0.1 pm are difficult to interpret because of the gold
peak. Nevertheless, thin asbestos fibres as small as 0.01 pm can be observed on SEM
micrographs17.
The principal elements in the EDX spectmm of asbestos are silicon, oxygen,
magnesium, manganese, calcium, aluminium, sodium and iron, found in different
proportion, depending on the varieties. Typical values for the six varieties of asbestos
are listed in table 1.3.

Actinolite Amosite AnthophyUite

Chrysotile
(Cassiar)
17
59
24

Chrysotile
(Zimbabwe)
15
59
21
0.5

Crocidolite

Tremolite

21
20
21
21
21
Si
61
61
63
61
61
O
13
16
7
5
3
Mg
Mn
1
0.4
2
0.4
Fe
5
11
9
5
4
Ca
0.5
0.5
4
A1
1
5
Na
Table 1.3. Percentage of elements from EDX analysis for the six varieties of asbestos. Analysis
made at HSL, Sheffield, as of 22/03/96.
-

-

-

-

-

-

-

-

-
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Recently, HSL staff investigated a better way to discriminate asbestos of non23

asbestos fibres (crystals) by SEM . In this work, the range of chemical variations and
morphologies of tremolite fibres are studied. The detailed examination of the large
fibres can help to decide whether if the fibres are asbestiform (having a fibrillar
structure) or not. The criterion to classify a material as asbestos is based on the ability of
large fibres to split into fine fibrils.
SEM micrographs of four varieties of asbestos are shown in figure 1.3.
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Figure 1.3. SEM images of asbestos fibres, (a) chrysotile, (b) amosite, (c) crocidolite, (d)
tremolite. Analysis was made by G.Revell at HSL, Sheffield.
For TEM analysis, the specimen has to be thin enough (few hundred A thick) for
electrons to be transmitted. Bulk samples are ground under liquid or dispersed using
ultrasound and then transferred onto a vapour deposited carbon film on a microscope
grid. TEM gives an image of the specimen as well as an electron diffraction pattern used
to determine the crystal structure and a quantitative analysis with EDX.
22

The identification limit in TEM is approximately 0.0025 pm (fibre diameter) .
Nevertheless images on the few nm scale can be observed. The TEM micrograph of
chrysotile fibres gives the image of fibrils having a characteristic tubular morphology
with typical diameters of about 250 A (see chapter 2)24. This characteristic appearance
and the diffraction pattern are used to identify unambiguously chrysotile from nonfibrous analogues or amphiboles asbestos.
Identification of varieties of asbestos amphiboles from diffraction patterns may
be possible. However, the measurements are time consuming and depend strongly on
the skills of the manipulator. In fact, TEM is the ultimate technique for asbestos
discrimination.
15

X-ray diffraction analysis can be also employed on its own for the identification
of asbestos.

1.4.3. Phase Contrast Microscopic method.
To count the fibres, the filters need previously to be mounted on clean
microscope slides using the acetone-triacetin method16. The cellulose filter is first
attached and cleared onto a glass slide using hot acetone vapour. Then, a drop of
glycerol triacetate, called triacetin, is placed onto it and covered with a cover slip.

The microscope is equipped with a positive phase contrast par focal objective
X 40 and two eyepieces with magnification of 12.5 X, giving a total magnification of
500 X. One of the eyepieces is fitted with a Walton-Beckett graticule having a diameter
of 100 ± 2 pm (figure 1.2). This graticule, having a definite area, is used to count
randomly the fibres.

Figure 1.2. The Walton-Beckett graticule scanned from Walton25.

A countable fibre is defined as an object having a length > 5 pm, a width < 3 pm
and an aspect ratio >3:1 pm. Fibres are not counted when they touch any particle
having a size greater than 3 pm. Split fibres are counted as one fibre if they are in
agreement with the criteria above (the width is measured across the undivided part).
Bundles of fibres are counted as one fibre; otherwise as several individual fibres if they
can be distinguished (if they meet the criteria above).

16

A fibre having two ends in the graticule area is counted as one, a fibre having
only one end in the area is counted as half and a fibre passing through the graticule with
no end in that area is not recorded. The counting is stopped when either:
-1 0 0

(for clearance indicator) and 2 0 0 (for assessment of respiratory protection) are

examined.
- or

fibres are counted and at least 2 0 graticules are inspected.

100

The airborne concentration in fibres/ml is then calculated using the formula:
C = 1000ND 2 / V n d 2

1.1

where N is the number of fibres counted, n is the number of graticules area examined, D
is the diameter of the exposed filter area (22 mm), d is the diameter of the Walton
Beckett graticule (100 pm) and V (in litres) is the volume of air sampled.

It has to be noted that using PCM method, fibres having a diameter smaller than
0.2 pm may not be visible. In practice, this method cannot detect fibres smaller than 0.3
26

pm .Therefore, the airborne concentration is only representative of a part of the total
number of fibres. Moreover, since this method does not determine the chemical
composition or crystallographic structure, all fibres meeting the size definition,
including other varieties of fibres as well as the non-asbestiform mineral fragments, are
counted.
The precision of the method depends on the numbers of fibres counted and the
uniformity of the fibre distribution on the filter. The limit of detection is 0.01
fibres/ml16.

1.5. Literature review.
The potential of using Raman spectroscopy for identification and structural
characterisation of polymers but also minerals has been recognised for a long time.
Raman spectra are fingerprints of the molecular structure of the compounds under study.
Because Raman spectroscopy uses optical wavelengths, samples as small as 1 pm can
be analysed. The Raman spectra from pm sized regions of crystalline or amorphous
solids, from powders or single crystals can be obtained. This attractive technique was
27 28

29

used for corrosion studies ’ , the investigation of inclusions in minerals , the
identification of contaminants in polymers3 0 or also the study of polymer morphology31.
17

32

33

It was used in the structural studies of silicate glass fibres , silicate glasses and melts ,
as well as for the discrimination of silicates34, feldspars3 5 and fibrous natural zeolites36.
It is an excellent technique to distinguish among crystalline polymorphs such as
37

aluminium hydroxide , A^SiOs

38

39

or high pressure polymorphs of SiC>2 . An other

area of interest came from planetary and environmental science with the identification
of pesticides, vanadium pentoxide particles40, carbonaceous material associated with
urban airborne particles4 1 or lunar rock fragments42. Raman microscopy was also a
useful tool for the study of graphite related carbonaceous compounds4 3 ,4 4 ,4 5 as well as
coke, coal and diesel particles46,47.

In recent years, vibrational spectroscopic techniques have become more and
more important for the examination of fibres. Fourier Transform infrared microscopes
have proved to be very useful in forensic science, especially for the identification of
fibres such as acrylic, wool, nylon fibres48"51. However, the direct analysis of fibres may
produce a noisy and distorted spectrum due to their circular or elliptical cross section.
The fibres needed to be first prepared by rolling flat or by flattening them under high
pressure in a diamond anvil cell. It can be also an advantage to increase the sampling
area of fibres less than 50 pm because then diffraction effects are reduced, and the
52

signal to noise ratio is improved . But, this method can alter the morphology of the
fibre and certain information may be lost. Moreover, infrared microspectroscopy can
only analyse samples having a size of at least 10 pm. The non-destructive technique of
Raman microspectroscopy is then a very good alternative for the analysis of fibres with
little or no sample preparation and a much higher spatial resolution. The spectra extend
to low wavenumbers and generally exhibit fewer and narrower bands in comparison
with infrared. The only limits are the fluorescence (which may swamp the Raman
signal) and the degradation of the specimen under heat of the laser irradiation .The
fluorescence can be overcome or diminished by leaving the sample under the laser for
few minutes and using a different laser wavelength or a FT Raman spectrometer. The
laser power can be reduced using an attenuation filter. The Raman microprobe was also
very useful for forensic characterisation of organic fibres such as wool, polyester and
51 53

polyacrylic fibres ’ . Synthetic fibres of different structure showed very different
Raman spectra and were easily distinguished. Raman spectra of dyed fibres showed
18

distinctive bands from the dye and from the fibres54’55. Another field of interest was the
56 57 58

investigation of the stress in single fibres ’ ’

However, the fibres of main interest in this thesis are silicate fibres, especially
asbestos fibres. The literature concerning the study of asbestos using vibrational
spectroscopy analysis is relatively limited. No articles referring to MMVF could be
found in literature.
For infrared analysis, transmission, or more recently diffuse reflectance infrared
Fourier transformed spectroscopy (DRIFTS) were the technique of choice for the study
of asbestos. These techniques involved the grinding of asbestos with KBr. The infrared
spectra of the varieties of asbestos in the 250-1300 cm’ 1 region, showed distinctive
spectra59’61. Chrysotile was the most investigated asbestos. The characterisation6 2 ,6 3 and
thermal degradation of chrysotile6 4 ,6 5 were the principal studies by infrared
spectroscopy. The analysis and quantification of mixtures of two varieties of asbestos
seemed to be possible; but the detection limit depended on the type of mixtures (for
example, 3% of crocidolite in chrysotile but 15% of crocidolite in amosite)60,61.
Recently, DRIFTS was used to identify and quantitate asbestos and asbestos mixtures
such as 0 . 0 1 % by weight of asbestos in cellulose and 5pg of amosite in 2 0 pg of
chrysotile66. The application of infrared for the identification of asbestos of insulation
materials was also performed by removing individual fibres with tweezers, washing
them with dilute acid and mixing them with KBr60. The analysis of asbestos containing
materials directly mixed with KBr can be difficult and limited due to the presence of the
67

matrix bands . However, these articles did not mention the percentage of fibres in the
asbestos containing materials.
Very few articles were published on the investigation of asbestos using Raman
microspectroscopy and most work is concerned with the identification of the different
68 71

asbestos varieties from pure fibres ' . Recently, near infrared and mid infrared diffuse
reflection (NIR DR, MIR DR) and Raman spectroscopy were applied to the analysis of
72

four asbestos and non-fibrous forms of serpentine and amphibole minerals . The NIR
diffuse reflection and Raman spectra were directly obtained from the fibres using a fibre
optic probe and a microspectrometer respectively. To minimise the distortions in the
MIR DR spectra, the fibres were ground with dried KBr. It was shown that NIR
19

spectroscopy might be able to distinguish between asbestos and non-fibrous mineral
forms. An asbestos waste was also investigated. An attempt to identify the unknown
fibres by Raman spectroscopy, was not very successful. However, the spectra from the
waste material was collected only in the 400-1200 cm' 1 region. The identification was
only successfully achieved using NIR DR. The article did not mention either the size of
the sample under study or the composition or percentage of asbestos in the waste
material.

No articles referring to the study of wetting agents for removal operations on
asbestos using Raman or infrared could be found at this date. However, infrared
spectroscopy has been used to study the adsorption of molecules on asbestos in a
biological context: adsorption of ammonia73, stearic acid74, phenanthrene and C O i 5 on
76

chrysotile, of various probe molecules on amphiboles and chrysotile , interaction of
77

chrysotile albumin . Infrared spectroscopy was also employed to look at the
78

modification of asbestos by siliconates .

There are general reviews from books or articles on Raman spectra of inorganic
or materials which are very useful

79-83

1.6. Aims and objective.
The principal aim of the work described in this thesis was to explore the value of
Raman microspectroscopy for the study of minerals and fibres. In particular, we wanted
to address the following questions in connection with the ability of Raman
microspectroscopy for:
( 1 ) the identification of inorganic fibres: man-made mineral fibres and varieties of
asbestos.
(2 ) the discrimination of asbestos and mineral fragments; coal and diesel particles.
(3) the identification of pm size fibres or particles on filters or paper substrates, from
asbestos containing materials, air monitoring measurements and gun shots.
(4) the detection and coverage measurement of commercial wetting agents on the
surface of individual inorganic fibre. Indeed, none of the HSL current techniques,
optical microscopy, SEM or TEM can provide information about the distribution of
wetting agents on individual fibres during asbestos removal.
20

This thesis is divided in eight chapters:
Chapter 1 is the general introduction to the research project.
Chapter 2, 3 and 4, cover the theoretical backgrounds. They give a brief overview of
Raman spectroscopy, the chemistry of asbestos fibres and MMVF and the wetting
process of asbestos-containing materials.
Chapter 5 deals with the discrimination of some reference inorganic fibres and the
ability of Raman microspectroscopy to identify individual fibres or particles on filter or
paper substrate.
Chapter 6 and 7 deal with the distribution of wetting agents on the surface of inorganic
fibres for asbestos removal operations. Chapter 6 concentrates on basic laboratory
experiments in order to establish a method for the measurement of the coverage of
wetting agents on fibres by Raman microspectroscopy.
Chapter 7 outlines the application of the method for the investigation of wet asbestos
containing materials and our attempts to correlate the Raman measurements with the
effectiveness of the wetting agents to suppress dust.
Chapter 8 is the conclusion chapter. It gives a summary of these three years of research,
the achievements and the future work.
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2. Raman spectroscopy.
2.1. Raman theory.
2.1.1. Introduction.
The Raman effect was first observed by Raman in 1928 using focused sunlight
1 2

and filters and relied on visual observation of colour changes in the scattered light ’ .
The Raman scattered light is due to rotations and vibrations of the molecule
under study. If a sample is illuminated with a monochromatic light (vo) which has an
energy too low to excite an electronic transition of the molecules, most of the light is
3

4

transmitted, 1 to 5 % is reflected , and a very small quantity (less than 0.1 %) is
scattered in all the directions. Most of the scattered light possess the same frequency as
the incident light (vo) and is called elastic or Rayleigh scattering. About 10' 6 [4] of the
incident light is scattered at different frequencies . The Raman scattering is an inelastic
process.
(vo - vv) referred as Raman Stokes scattering frequency and (vo + vv) to as Raman antiStokes scattering frequency. The differences in frequency Av= | v 0 -(v0 ± vvib) I= I±vv I
are independent of the incident light frequency v0 and are characteristic of the
molecules. At normal temperature, the anti-Stokes lines intensity is weaker than the
Stokes lines. Since the Stokes and anti-Stokes Raman spectra are identical in frequency,
it is usually the Stokes Raman scattering which is recorded.

2.1.2. Classical theory.
13 5 6

According to the classical theory ’ ’ ’ , when a molecule is placed in an electric
field (E ), the electrons moved to follow the field thus creating an electric dipole
moment. For small field, the induced dipole moment ( P ) is proportional to the applied
field (E):
P=a E

2 1

a is the polarisability of the molecule and is characteristic of the ease with which the
electron cloud of the molecule can be distorted, a is a tensor and can be expressed in the
xyz directions of the Cartesian system as:

E , the electric field associated with the electromagnetic radiation, is given by:
E = Eo

Eo

cos (27rtVo)

2.3

is the equilibrium field strength and v 0 is the angular frequency of the radiation.

In the case of a diatomic molecule which vibrates with a frequency vv at time t, the
normal coordinate qv is given by:
qv = q0 cos(27CVvt)

2.4

The tensor a depends on the geometry of the molecule and then varies with the normal
coordinates. In the harmonic case, we can write:
a = oco +

f aoP

2.5

If there is interaction between the incident radiation, of frequency v0, and the molecule,
then from equation 2.1 and equation 2.5:
P=

do

E+

f da?

3qv)

qvE

2.6

Substitution of equation 2.3 and 2.4 in equation 2.6 yields:
^
P = do

E o COS(27TVot)

UUL
+ ---- q0 E o

C O S(27IV ot) C O S (27lV vt)

since: cos(27iv0t) cos(27ivvt) = -i[cos(27r(vo +

V v)t)

+ cos(27t(v0 -

2 .7

V v )t)]

2.8

then:
^ da?
P = d o E o COS(27TVot) + • i

qo E> [cos(27i(vo + V v )t) + co s(2 ji(v < > -

8qy)

V v )t)l

2.9

)

The first term in equation 2.9 describes the Rayleigh scattering (v0) and the other terms
describe the Stokes (v0 -vv) and the anti-Stokes Raman scattering (v0 +vv).

2.1.3. The quantum theory.
In the case of a diatomic molecule treated as a simple harmonic vibrator, the
energy (Ev) of each of its vibrations is quantised:
1

2.10

Ev=hv(v+—)
where v is the vibrational quantum number which have the values 0,1, 2, 3, 4....
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The quantum theory1’4 ,5 considers the monochromatic radiation of frequency v0
as a stream of photons having an energy hv0. In the Rayleigh scattering (figure 2.1), the
photons are scattered without change in frequency and energy (hv0). Raman scattering
occurs as a result of the interaction of the light with a molecule. The result is a transfer
of energy between the light the incident photons and the molecule. In the Stokes Raman
scattering (figure 2 . 1 ), the molecule is undergoing a vibrational transition from the
ground state (v=0) to the first excited state (v=l). The scattered photons have a
diminished energy h(v0 -vv) and so lower frequency than the incident light. In the antiStokes Raman scattering, the molecule is undergoing a vibrational transition from the
excited state (v=l) to the ground state (v=0). The scattered photons have an enhanced
energy h(v0 +vv) and so higher frequency than the incident light.
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Figure 2.1: Energy level diagram of Raman and Rayleigh scattering effect.
rj

According to the Boltzmann distribution law ,the ratio of the number of
molecules (N j) in state i, having energy Ei, to the number molecules

(N j)

in state j,

having energy Ej, at thermal equilibrium, is given by:
Ej - E
N

j

gj

Ni

gi

gi

v V

i

2.11

/

and gj are the degeneracies of the two states i and j.
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At ordinary temperature, from equation 2.11, the number of molecules in the ground
state N j will be greater than that of the excited state N j. Since the intensity of a transition
is dependent on the number of molecules which are in the state corresponding to the
starting point of transition, the Stokes lines intensity will be higher than that of antiStokes lines at ordinary temperature.

2.1.4. Selection rules.
A transition is allowed if the polarisability of transition is different from zero

3

which can be expressed as:
[Pij] = j \|/j*P\|/i dqv

2.12

where v|/j and \pj are the wave functions of the states i and j, P is the induced dipole
moment operator.
In the harmonic case, P can be expressed as:
P = do E +

r da}

qvE

2.6

Substitution of equation 2.6 in equation 2.12 yields:
- .
T sai .
fPijl = ao EJ q/j'q/' dqv + — Ej vyj qv \|/i dqv
VSqvJo

2.13

The first term of equation 2.13 is zero because of the orthogonalityof the wave
functions unless i=j. It is the case of the Rayleigh scattering which is not dependant of
the polarisability change.
The second term is different from zero if:
J \{/j*qv \|/i dqv
or if

0

, in the harmonic case, j=i±

1

or Av=±l

^ , i.e. if there is change in the polarisability tensor against the vibrational

9 0

dq.)

o

coordinates.
The general harmonic rule for Raman vibrational transitions is Av=±l but overtone
transitions can be allowed with Av=±2, 3... and combination bands can occur when one
photon is absorbed and more than one vibration is excited. However, these bands are
extremely weak in most Raman spectra.
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2.1.5. Raman intensities.
The intensity per solid angle of scattered light 1,6 corresponding to a transition
between two vibrational states i and j is given by:
Ii -> j =

where

COnSt 10 (VO +
(P p a )ij

2.14

Vij)4 (P p a )..

2.15

= X ( a p a ) i j EP
pa

Io and vo are the intensity and frequency of the incident light, vy is the frequency
corresponding to the energy difference between the states i and j, PpCTare the
components of the induced dipole moment, a pcTare the components of the polarisability
tensor, Ep are the components of the electric field of the incident light, a and p denote x,
y, z Cartesian components.
a pCTcan be written in the form:
(a Pa)ij =
\|/j

h

2.16

J \|/j*aPc \j/i dqv

and vpj are vibrational state wave functions.

The a pGterms can be expanded in a Taylor series as a function of vibrational coordinate
qv:
f dCLpa
^ dqv

2.17

CCPct = ((XPa )o + 1

Substitution of equation 2.17 in equation 2.16 yields:
((XPa)ij =

h

^ dOLpa^
h V 5qv J

((XPcr)oJ \|/j* \|/i d q v + y

J \j/j*qv \j/i dqv

2.18

The first term of equation 2.18 is zero unless i=j and is responsible for Rayleigh
scattering. The second term describes the Raman scattering and is different from zero
for a harmonic oscillator if i=j±l.
If we consider a Stokes transition from v to (v+1), a pCTcan be expressed as:
(otpa)

1

(v + l)h
dapa
V dqv J Qy 871 pvv

2.19

p is the reduced mass and vv is the Stokes frequency.
An expression of the intensity of a Stokes Raman band for N molecules can be given by:
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L -> j = const Io

hvv/kT

2.20

By summation over ap for a polarised incident light:
2.21

a (mean value) and y (anisotropy) are two invariant quantities related back to a tensor
given in equation 2 .2 .

2.1.6. Raman spectroscopy o f crystals.
A crystal is characterised by a primitive cell which is the smallest unit, repeated
in three dimensions. The site symmetry of a molecule in the crystalline state is, in
general, lower than in the isolated molecule. The reduction in symmetry may split the
degenerate vibrations. In addition, crystals can present lattice modes resulting from
translatory and rotatory motions. However, these "external" modes give bands usually in
the low frequency region or as the combination bands with internal modes in the high
frequency region.
In the case of caesium chloride4 primitive cell, in body centred cubic symmetry,
a typical vibration occurs as shown in figure 2 .2 .

Figure 2.2. A typical vibration of caesium chloride in the y direction.

This vibration can appear in any of the three Cartesian x, y, z directions. These
three vibrations have the same frequency, then are said to be triple degenerate. If the
caesium chloride symmetry is reduced from cubic to orthorhombic, the three vibrations
are no longer equivalent. They appear at three different frequencies and are referred to
as lattice modes.

o

•

•

• 4

The free CO3 " ion presents internal modes of vibration when calcite or aragonite
exhibits internal and external or lattice modes. The calcite crystal possesses two

molecules (Ca2+ CO3 2*) in the unit cell while aragonite has four molecules per unit cell.
As we have seen, the symmetry of carbonate ions placed in a "crystal" may be lower
than that of the free ions. The four internal modes of the carbonate ion are shown in
figure 2.3

Vi symmetric
stretch

V2 out of
plane bend

V3 antisymmetric
stretch

V4 in plane
bend

• C
Figure 2.3. Internal modes of vibration of ion CO32'

vi, V3 and V4 are Raman active. V3 (antisymmetric stretch) and V4 (in plane
blend) have a degeneracy of two. Placing carbonate ions in a crystal structure may
remove the degeneracy. This does not occur for calcite because the carbonate vibrations
from the two CC>3 2“ in the primitive cell can couple as shown in figure 2.4 for vibration
vj. The internal calcite modes are observed at 1088 cm' 1 (symmetric stretch), 1443 cm' 1
1

4

(antisymmetric stretch) and 714 cm' (in plane bend) .
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Oo

*C

0 C a 2+

in phase

out of phase

Figure 2.4. Vi vibrations coupled in phase and out of phase from the calcite unit cell.

In the case of aragonite, which has four molecules to a unit cell, the loss of the
C3 axis removes the degeneracy of the vibrations V 3 and V 4 . Doublets appear if the
magnitude of the splitting is sufficient. Calcite and aragonite show also lattice modes in
low frequency at ~ 153, 283 cm' 1 and 150,180, 190, 206 cm' 1 respectively4.

2.2. Renisltaw Ramanscope 2000 spectrometer.
2.2.1. Introduction.
The main difficulty in Raman spectroscopy has been the very low intensity of
Raman scattered light and the high intensity of unwanted Rayleigh scattered light. The
function of the spectrometer (figure 2.5) is to excite a sample with a suitable powerful
laser light, to remove the Rayleigh scattered light in order to leave the Raman scattered
light and then to detect photons at the shifted wavenumbers.

2.2.2. General description o f the Re his haw spectrometer.
The excitation light is usually provided by a visible laser. The first component of
the spectrometer is the plasma line rejection filter (1). The filter blocks the unwanted
33

hC

C

o

o

o<u

.S
"3
&b
c
o
• f-H
+O
->

<D
Xfi

’57

G
cu>

h
O

•—

<
L
>

G
a
CO

on

Q

H—>

.2

e 2 Oo ,
O
^ o
^H O
JO
-H
"3 2 a o
OhtrT O s
Vi

C /5

C /5

—

O
o
<u
<u
c3 'O
Q
Oh
<N -G JO
I / O Q UU

i—3

C /5

^ rn~

H—*

vo

U03D-I
—

Cl

> > > >
+1
+1
+1
+1
o
o
o
o
>

>

— (N

>

^

^1

W

>

>

>

>

>

:

\

Jcdood) J-h p.

CN

iI

xl-

m
m

(N

Figure 2.5. Renishaw Ramascope 2000 spectrometer
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plasma lines from the laser and transmits the main laser line. The first steering mirror
(2) sends the monochromatic light through the spatial filter (3) which consists of two
objectives and a pinhole. In microprobe mode, the X 20 objective focuses the beam onto
the pinhole and then onto a second objective (X 4) in order to produce a collimated
beam. The collimated beam is deflected by mirrors (4,5) onto a holographic notch filter
(6 ). Since the filter reflects the laser wavelength, the beam passes into the microscope
(7) to be focus onto the sample (8 ) using the objectives X 10, X 20, X 50 and X 100.
The 180° scattered light comes back into the microscope and arrives on the holographic
notch filters (6,9) which filter out the Rayleigh component and transmit Raman shifted
wavelengths. A first lens (10) focused the Raman light through an adjustable entrance
slit (11). A second lens (12) recollimates the beam before deflecting it by a prism (13)
onto a diffraction grating (14) which separates the beam constituent wavelengths. The
prism deflects the dispersed light through a lens (15) on a CCD (charge coupled device)
detector (16).

2.2.3. Optics.
2.2.3.1. Lasers.
Three lasers having different wavelengths were available: helium neon (633 nm),
argon ion (514 nm) and a diode laser (782 nm). They possess different polarisation; the
HeNe laser has a horizontal polarisation (resulting in a east-west orientation of the laser
on the sample) since the Ar+ and diode lasers have a vertical polarisation (resulting in a
north-south orientation of the laser on the sample).
These lasers have a power of 25 mW which can be reduced to 50, 25,10 and 1%
using neutral density filters.
Photons may be emitted spontaneously, from the lasers, over a small range of
wavelengths as the collision between atoms may change their energy levels. Therefore, a
plasma line rejection filter, which is a narrow band filter centred on the laser
wavelength, is placed after the laser in order to block the unwanted plasma lines.

2.2.3.2. Holographic Notch Filters.
The main function of the holographic notch filters (HNF) is to remove the
g

Rayleigh light. The HNF can be described as wavelength specific mirrors. In fact, they
reflect light on a narrow band of wavelengths, with a high degree of efficiency. The
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result is a notch in the HNF transmission spectrum. The filters are of photosensitive
organic material sandwiched between transparent substrates. A laser wavelength is used
to write a hologram into the material to produce sinusoidal variation in the refractive
index through the photosensitive material. The change in refractive index is necessary to
diffract the light. The hologram can be written in order to reflect or reject a narrow band
of wavelengths.

2.23.3. Diffraction grating.
89

The diffraction grating ’ disperses spatially the incident polychromatic light into
its constituent wavelengths. The surface of the diffraction grating is made of a series of
n parallel lines "grooves" spaced each other by the same value d.
The grating equation describing the dispersion of the spectrum produced by a grating as
shown in figure 2.5 is:
mX = d(sin 0 i + sin 0 0)

2.22

where 0j is the input angle or angle of incidence, 0 Ooutput angle or angle of diffraction,
d the groove spacing and m order of diffraction, m can take the values ±1 ±2 ±3...
Using the angles a and y, the equation can be written as:
mX = d[sin(a + y / 2) + sin(a - y / 2)]

2.23

or mX=2& sina cosy/2

2.24

This general equation applies only to the central on axis ray. In the case of the off axis
ray, an angle 8 as shown in figure 2.5 needs to be introduced:
mX=26. sin(a+8/2) cos(oc/2-8/2)

2

25

The absolute wavenumber is now given by :
v=

5gm
sin(a + 8 / 2 ) cos(^

2.26

g
)

where g is the groove density or number of rulings per millimetre.
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grating

prism
Figure 2.6: schema of the diffraction grating
The resolving power R of the grating is given by:
R=mN=A,/AX

2.26

where N is the number of lines illuminated on the diffraction grating , m the spectral
order and AX is the minimum band width resolvable at a given spectral position.
The Renishaw Ramanscope 2000 is equipped with a holographic grating of 1800
grooves/mm.

2.2.3.4. Detector.
The CCD (Charge Coupled Device) detector is made of many independent
silicon pixels arranged in a 2 dimensional array. The surface of the detector is form of
integrated circuit which has a metal oxide semiconductor structure. A photon is detected
by generating a photoelectron in the silicon which is trapped on the pixel. For a given
exposure time, photons incident on the pixel therefore electrons increased creating a
charge on the pixel. The CCD is an ideal detector for Raman spectroscopy because of
the low noise characteristic and high quantum efficiency. There are two limitations to
the CCD detector10. First, the CCD are sensitive to high energy photons such as cosmic
rays. Second, this detector may saturate before the signal to noise ratio is acceptable.
The CCD is thermo-electrically cooled to -70 °C. The size of the 2 dimensional detector
is 578 x 385 pixels. One pixel is 22 micron each side.
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2.2.4. Confocal vs microprobe mode.
The adjustable slit mounted before the diffraction grating is a very important part
of the spectrometer. The collimated light from the microscope is focused to the slit by a
lens. The nature of the image at the CCD depends on the sample as well as on the width
of the slit.
In Raman microscopy, the spatial resolution in the lateral plane (x,y) axis is of the order
of 1-2 pm. Using X 100 and X 50 short-working length objectives, the illuminated
sample area is about between 2 and 5 pm. Good spatial resolution along the z axis is
obtained by confocal Raman microspectroscopy11. The instrument is set up in confocal
mode using a X 100 objective, a slit width closed down to 15 pm and a CCD area of 4 x
576 pixels. The resolution is maximised in confocal mode when the slit is closed.
However, the amount of radiation at the detector, as the signal to noise ratio in the
spectrum is lower than if the spectrum, had been recorded in microprobe mode (slit
open 50 pm, CCD area of 15 x 576 pixels) at lower resolution10’11. When the Renishaw
Ramanscope 2000 is set up in confocal mode, the resolution is about 2-3 cm*1.

400

420

440

460

480
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520

Delta wavenumbers (cm-1)

Figure 2.7. Raman spectra of CCI4 in a quartz cuvette, (1) slit width of 50 pm and CCD area of
15 x 576 pixels, red laser, X 20 objective, Taq=10 s; (2) slit width of 15 pm and CCD area of 4
x 576 pixels, red laser, X 20 objective, Taq=10 s.
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3. Inorganic fibres.
Asbestos, quartz and man-made vitreous fibres (MMVF) are the inorganic fibres
described in this chapter in term of chemistry, structure and surface properties. These
fibres, which are all predominantly composed of silicon and oxygen, are known or
suspected carcinogens. Asbestos and quartz fibres are mined from the earth whereas
MMVF are manufactured fibres from glass or rock and used to replace asbestos in most
industrialised countries.

3.1. Asbestos.
3.1.1. Introduction.
Asbestos is the common name given to the fibrous forms of several naturally
occurring silicate minerals which have been mined for their useful chemical and
physical properties including high tensile strength, flexibility, incombustibility, low
thermal conductivity and chemical inertia1. Only six minerals with an asbestiform habit
have been classified as asbestos. The characteristics of the asbestiform habit are the
fibrillar structure and the fibre flexibility and strength . All asbestos types can also occur
in a different habit as mineral fragments which are non-asbestos varieties. These
amphibole mineral fragments do not break down to form fibrous particles. The name
given to the six varieties of asbestos as well as to their non-asbestiform mineral
analogues are amosite and grunerite, fibrous actinolite and actinolite, fibrous
anthophyllite and anthophyllite, chiysotile and lizardite, crocidolite and riebeckite,
fibrous tremolite and tremolite, respectively.
Chrysotile is a sheet silicate in the serpentine group while the other types of
asbestos are chain silicates in the amphibole group. The difference between the five
asbestos amphiboles is in the cation composition. The amphibole minerals are common
rock forming minerals referred to as solid solutions and are well known for their
chemical variation. The definition of a solid solution from Reviews in Mineralogy,
volume 28, is: "a mineral structure in which specific atomic site(s) are occupied in
variable proportions by two or more different chemical elements (or ionic groups)" .
Moreover, the structure of amphibole asbestos is never perfect and faults can regularly
occur in single asbestos fibres. Chrysotile , the only serpentine mineral classified as
asbestos, has a fairly constant composition. However, structural faults and minor
chemical variations can occur.
41

The physical and chemical properties, and the complex surface chemistry of
amphibole asbestos minerals are different from that o f serpentine asbestos chrysotile.
These differences are reported below.

3.1.2. Amphibole asbestos.
3.1.2.1. Crystal structure.
The basic structure sometimes called I beam (figure 3.1), is composed o f a
octahedral band of cations sandwiched between two double tetrahedral silicate chains5.
The double chain consists of two juxtaposed pyroxene chains extended along the c
direction. A chain has a Si:0 or Si+Al:0 ratio o f 4:11, since A1 may substitute for Si in
the tetrahedral sites. These chains are stacked along the a-axis direction apex to apex
(figure 3.2). Hydroxyl groups (or sometimes F, Cl or O) occupy anion position 0(3 ) in
the plane of the apical oxygen atoms. By stacking two double silicate chains apex to
apex, five octahedral sites referred to as M (l), M(2), and M(3) sites are formed. M(4)
sites at the edge of the double chains link adjacent silicate chains in the b direction. The
octahedral band (figure 3.3), thus, consists o f 2 M (l), 2M(2), 1M(3) and 2M(4) sites.
Some amphiboles contain an atom in the site (A) in order to balance the charge from the
hydroxyls.

O oh
O M (l) O M (2)

Figure 3.1: The I beam structure of amphiboles.
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Figure 3.2: The amphibole structure.

Ml

Ml
M3

M2

Ml

Ml
M2

M2

M3

Ml
M2

M2

Ml
M3

M2

Figure 3.3: The octahedral band of amphiboles.

The amphibole structure can also be visualised by assembling two different types
6 78

of slabs called M and P ’ ’ . M and P are related to the structures o f pyroxenes and
micas5. A mica can be constructed purely o f M slabs, a pyroxene o f P slabs. The
idealised amphibole structure can be thought as an alternation o f slabs o f mica and
pyroxene structure MPMPMP (figure 3.4).
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Figure 3.4: MPMPMP structure scanned from D.T.Griffen9.

There three basic ways of stacking the I beams which are called
clinoamphiboles, orthoamphiboles and protoamphiboles5. These three structures are
ideal polytypes. Amosite, crocidolite, tremolite and actinolite are clinoamphiboles with
a monoclinic symmetry. Anthophyllite is orthoamphibole with a orthorhombic
symmetry.

3.L2.2. Chemistry and nomenclature.
The general formula of the amphiboles is: Ao-iE^CsTgC^OH, F, Cl, 0 )2 10.
T represents Si and A1 which are in tetrahedral coordination in the double silicate
chains. C corresponds to the cation sites Mg, Fe2+, Mn, Al, Fe3+ and Ti which occupy
regular octahedral sites. B refers to Na, Li, Ca, Mn, Fe2+, Mg in less regular octahedral
sites or 8 coordinated cation sites. A cations such as Na and K occupy 6 to 12
coordinated sites. The idealised formula of mineral and asbestos amphiboles are listed
in table 3.1.

Amphiboles are divided into four principal groups on the basis of the number of
atoms of (Ca+Na) and Na in the B position in the formula10,11,12.
1. Iron-magnesium-manganese amphiboles have (Ca+Na)B<1.34 atoms.

2. Calcic amphiboles have (Ca+Na)B>1.34 atoms but NaB<0.67 atoms.
3. Sodic-calcic amphiboles have (Ca+Na)B^l.34 atoms and 0.67<NaB<1.34 atoms.
4. Alkali amphiboles have NaB>1.34 atoms.

This nomenclature was applied from 1978 to 1997. The 1978 nomenclature of mineral
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and asbestos amphiboles is summarised in table 3.210’11’12.

The new nomenclature approved by the International Mineralogical Association
13

is as follows :
1. Magnesium-iron-manganese-lithium amphiboles have (Ca+Na)B<1.00 atoms and
(Mg+Fe+Mn+Li)e^l .00 atoms.
2. Calcic amphiboles have (Ca+Na)fi^l.00 atoms and NaB<0.50 atoms, but CaB>1.50
not in every case.

3. Sodic calcic amphiboles have (Ca+Na)s > 1.00 atoms and 0.50<NaB <1.50 atoms.
4. Sodic amphiboles have NaB>1.00 atoms.
13

The 1997 nomenclature of mineral and asbestos amphiboles is summarised in table 3.3 .
Within these 4 groups, there are a large number of amphibole names using adjectival
prefixes (such as ferro, alumino...) to keep the number of fundamental amphibole names
to a minimum.

idealised formula
name
fibrous actinolite
Ca2(Mg,Fe2+)5(Si80 22)(0H) 2
(actinolite)
amosite
(Fe2+,Mg),(Sis022)(0H) 2
(grunerite)
fibrous anthophyllite
(Mg,Fe2+)7(Si80 22)(0H) 2
(anthophyllite)
crocidolite
Na2Fe3+2 (Fe2 t,Mg)3 (Si80 22)(0H) 2
(riebeckite)
fibrous tremolite
Ca2Mg5(Sig022)(OH)2
(tremolite)
Table 3.1: The idealised formula of mineral and asbestos amphiboles.

nomenclature
name
group
calcic amphibole
fibrous actinolite
(Ca+Na)B>1.34; NaB<0.67; (Na+K)A<0.50; Si>7.50;
(actinolite)
0.50<Mg/(Mg+Fe2+)<0.89
Fe-Mg-Mn
(Ca+Na)B<1.34; Li<1.00; Mn<5.00;
amosite
amphibole
(grunerite)
Mg/(Mg+Fe2+)<0.30
Fe-Mg-Mn
fibrous
(Ca+Na)B<1.34; Li<1.00; Si>7.00;
amphibole
anthophyllite
0.10<Mg/(Mg+Fe2+)<0.8 9
(anthophyllite)
alkali amphibole
crocidolite
NaB>1.34; Fe2+/(Fe2++Mg)>0.50;
(riebeckite)
Fe3+/(Fe3++Alvl)>0.70
fibrous tremolite
(Ca+Na)B>1.34;NaB<0.67; (Na+K)A<0.50; Si>7.50;
calcic amphibole
(tremolite)
Mg/(Mg+Fe2+)>0.90
Table 3.2: 1978 nomenclature of mineral and asbestos amphiboles.
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nomenclature
(Ca+Na)B>1.00; CaB>1.50; 0.50<NaB<1.50;
calcic
fibrous actinolite
(Na+K)A<0.50; CaA<0.50; Si>7.50;
(actinolite)
amphibole
0.50<Mg/(Mg+Fe2+)<0.90
amosite
Mg-Fe-Mn-Li
(Ca+Na)B<1.00; Li<1.00; Si>7.00;
(grunerite)
amphibole
(Mg+Fe+Mn+Li)>l .00; Mg/(Mg+Fe2+)<0.5
fibrous anthophyllite Mg-Fe-Mn-Li
(Ca+Na)B<1.00; Li<1.00; Si>7.00;
(anthophyllite)
amphibole
(Mg+Fe+Mn+Li)>l .00; Mg/(Mg+Fe2+)>0.5
NaB>1.50; (Na+K)A<0.50; Li<0.5; (Mg+Fe2++Mn2>2.5;
alkali
crocidolite
(Fe2+or Mg)>Mn2+; (Fe3+or AlVI)>Mn3+;
amphibole
(riebeckite)
Mg/(Mg+Fe2+)>0.5; Fe3+>A1VI
calcic
fibrous tremolite
(Ca+Na)B>1.00; CaB>1.50; 0.50<NaB<1.50;
(tremolite)
amphibole
(Na+K)A<0.50; CaA<0.50; Si>7.50; Mg/(Mg+Fe2+)>0.90
Table 3.3: 1997 nomenclature of mineral and asbestos amphiboles.
name

group

3.1.2.3. Defects and grain boundaries in amphiboles.
The amphiboles structure is not perfect and can present a variety of structural
defects: chain width errors, exsolution lamellae and grain boundaries. Other defects
such as twinning and stacking faults resulting from errors in the orientation of the I
beam14, and dislocation may also appear15,16,17.
3.1.2.3.1. Chain-width errors.
15 18 19

These defects involve aperiodicity in the widths of the silicate chains ’ ’ . A
single slab of triple, quadruple, quintuple, etc... silicate chains may insert into the
silicate double-chain. In fact, the idealised amphibole structure is a regular alternation of
slabs M and P. A mistake in the structure occurs if for example, an extra mica slab (M)
is inserted in the (MP) sequence as: MPMPMMPMP. Therefore, this structure would
have a triple silicate slab in the double-chain silicates. Single chain defects may also
occur.

3.1.2.3.2. Exsolution lamellae.
Exsolution lamellae are non-periodic hosts in amphiboles having an amphibole
structure with a different chemical composition from the host amphiboles14,20. They
form by solid state precipitation when a high temperature amphibole solid-solution
cools slowly.

3.1.2.3.3. Grain boundaries.
Grain boundaries define the limits where the structure of a crystal stops and can
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be considered as a type of crystal defect. The most important observation is that, sheet
silicates occur in amphiboles at the boundaries between the fibrils.

3.1.2.4. Compositional variations in amphiboles asbestos.
The amphibole mineral group is well known for its chemical variation4,21’24.For
example, the composition of crocidolite (or riebeckite) can be so far from the idealised
formula that it does no longer fall in the category associated to the crocidolite name. The
main variation in asbestos amphiboles are as follows:
There is partial substitution of F, Cl and O for OH in the hydroxyl sites. Fe2+ and Mg
mix freely in octahedral sites. There are substitutions of A1 in the octahedral site as well
as A1 for Si in the tetrahedral silicate sheet. Some K, Na and Ca can be observed in the
empty A sites of asbestos amphiboles. Limited solid solution belonging to the calcic
amphibole group arises in crocidolite, amosite and anthophyllite. Some Fe3+ occurs in
amosite and anthophyllite. Mn substitution can occur in amosite.
Moreover, amphiboles have intergrown layer silicates which have been observed
by electron microscopy5. Any bulk analysis is therefore contaminated by these
additional minerals.

3.1.2.5. Surface properties.
3.1.2.5.1. Surface chemistry.
The I beam are connected together with weaker bonds than those inside the I
beam unit itself. Therefore, it has been assumed that the cleavage surface of pure
amphibole asbestos leaves the I beam intact. In fact, a solution would have an easy
access to tetrahedral, M(4) and A sites and has however, a more limited access to M(2)
cation sites. The other cation sites M(l) and M(3) have no direct contact with the
environment but they might interact if there is dissolution. However, the amphiboles
structure is not perfect. Most workers believe that there is parting surfaces which occur
along defects (such as twinning and chain width errors)5. The surface of asbestos fibres
are mainly made by the planes (100), (110) and (010), planes parallel to c as shown in
25

figure 3.5, as well as the terminal planes which cut the fibres axis . The planes parallel
to c form the majority of all surface of a single fibre. The parting surface (figure 3.5)
would still be very similar to those of pure amphibole asbestos leaving the I beam intact.
However, it is possible that the (100) parting surface cuts the I beam in half through the
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octahedral strips leaving access to all the M sites. The other possibility for the (100)
surface is an up and down stepped surface by cutting the structure between opposite set
o f silica double chains. The (010) surface consists o f M(4) sites and the edges o f silica
chains. The (110) surface is not planar but a stepped (100)/(010). Planes which cut the
end of a fibre are not specifically known.
However, other irregular surface also occur and all amphibole asbestos observed
by TEM with the electron beam parallel to the c axis had layer silicates intergrown
between the amphibole fibrils15. Therefore, no generalisation about the surfaces o f
asbestos fibres is possible. It is likely to have many different types o f surfaces that vary
in structure, orientation and chemistry.
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Figure 3.5: Planes defining the parting surfaces o f amphibole asbestos.

3.1.2.5.2. Surface character and surface charge.
In air or solution, the surfaces parallel to c, complete their coordination with
hydroxyls and present a basic character. For the end o f fibres, the small part o f all
surface of a single fibre, the silica chains must be cut giving SiO" groups which may
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accept H+ from solution and present a weak Bronsted acid character.

Schiller et al suggest that the ends of the amphibole fragments or fibres are
26

positively charged whereas the surfaces parallel to c are negatively charged . Therefore,
the surface net charge of amphiboles measured by zeta potential is negative as shown for
27

several amphibole asbestos in table 3.4 . The definition of the zeta potential from the
28

Penguin dictionary of chemistry

is: "the potential difference across the diffuse part of a

double layer, i.e. between the rigid solution layer and the mobile part of the solution
adjacent to the bulk solution." The negative net charge for pH greater than 3 can be
29

explained by the dissolution of silanol surface groups .

Zeta potential at room temperature in
distilled water with pH=7.4
Crocidolite

- 50.5 mV

Amosite

- 58.5 mV

Anthophyllite

- 54.0 mV

Table 3.4: Zeta potential for several asbestos amphiboles.

3.1.3. Chrysotile and lizardite.
3.1.3.1. Crystal structure.
Chrysotile and lizardite, which have a 1:1 layer structure, belong to the
serpentine group5. The 1:1 layer structure of chrysotile and lizardite (figure 3.6) consists
of one tetrahedral silicate sheet, which is linked to one octahedral magnesium hydroxide
sheet (figure 3.7), by sharing of the apical oxygen of the silicate sheet. Indeed, in
serpentine, there is a tetrahedral sheet only on one side of the octahedral sheet.
Chrysotile and lizardite are called trioctahedral species because all of the octahedral
sites are occupied.
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Figure 3.6: 1:1 layer structure of lizardite (a and b) and chrysotile (c).
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Figure 3.7: Magnesium octahedral (a) and silicate tetrahedral sheet (b) of the 1:1 layer structure.
However, in chrysotile, due to a misfit between the octahedral and tetrahedral
30 31

layers, the 1:1 layers are, at least locally, curled ’ whereas lizardite has quite planar
layers (figure 3.6). Moreover, in chrysotile, the 1:1 layers can take the form of
32 33 34

concentric tubes (figure 3.8) having a cylinder, ellipse or less regular shape ’ ’ .A
fibril is defined as a cylinder increasing in diameter away from the fibril axis. Another
type of fibril consists of one or more 1:1 layers rolled up like a carpet (figure 3.8). The
35

fibrils are closed packed and possess inner spaces as well as gaps between them .
These gaps may be completely, partially, or not at all filled with materials such as
amorphous silica or curved strips of 1:1 layers18. The diameter of a fibril is about 250 A
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18

with an inner tube of about 70 A . The length of the chrysotile fibres is on the order of
cm or less.

33

Figure 3.8: Concentric (a) and spiral structure (b) of chrysotile scanned from Yada .

3.1.3.2. Nomenclature.
The general formula of the 1:1 layer silicate in the trioctahedral case is5:
M3 [T2 0 5 ](0 H)4 . M corresponds to Mg cations in 6 coordinated cations sites and T
represents Si in 4 coordinated cations sites. The idealised formula for chrysotile and
lizardite is Mg3 (Si2 0 5 )(0 H)4 .

3.1.3.3. Chemical variations in chrysotile and lizardite.
In contrast to amphibole asbestos, the composition of the chrysotile asbestos and
lizardite are close to its idealised formula. There are minor chemical variations in the
natural species such substitutions of A1 and Fe3+ for Si and Al, Fe2+ and Fe3+ for
4 21 22 31

Mg ’ ’ ’ . However, these substitutions seem to be more limited in chrysotile than in
lizardite36. In fact, the substitutions (except Fe2+) reduce the misfit between the
tetrahedral and octahedral sheet and then, the tendency for the 1: 1 layers to curl is
reduced. Lizardite and chrysotile may contain traces of Ni, Co, Mn, Cr, Zn, Cu and
Pb5’24. Lizardite and chrysotile commonly contains excess H2 O37.
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3.1.3.4. Structural variations in chrysotile and lizardite.
Most normal chrysotile samples have the a axis direction parallel to the fibril
axis. However, some samples called parachrysotile have the b axis direction parallel to
the cylinder axis and generally occur in small amounts with other chrysotile structure.
Chrysotile and lizardite occur in different polytypes depending on the way of stacking
the layers together. Chrysotile presents polytypes defined by the number of 1:1 layers
per unit cell (for example 1, 2), the structure of the layers per unit cell (for example
orthorhombic, monoclinic) and the shape of the lattice (for example cylindrical
31

lattice) . However, more complicated polytypes can occur as well as chrysotile having
disordered layer stacking. Hydrogen bondings occur between layers and are variable
from place to place along the b direction.
Lizardite presents polytypes defined by the number of 1:1 layers per unit cell and
31 38 39

the symmetry of the 1:1 layers (for example trigonal, hexagonal) ’ ’ . In lizardite
polytypes, some hydrogen atoms of one layer are involved in hydrogen bonding with an
adjacent layer.

3.1.3.5. Surface chemistry.
Because of the misfit between silicate sheet on the inside and Mg hydroxide
sheet on the outside, the 1:1 layers of chrysotile are curled. The dominant surface of an
ideal chrysotile fibre is the Mg hydroxide sheet (Mg(OH)2 ). Therefore, the basic surface
structure of chrysotile as well as lizardite (figure 3.9) comprises hydroxyl groups with
the sheet of Mg atoms underlying and presents a basic character40,41. In an aqueous
solution, the hydrogen of chrysotile surface can form hydrogen bonds with a relatively
organised layers of H2 O. The ends of the fibrils, although a small part of the surface of a
single fibre, must cut the tetrahedral silicate and magnesium sheets. In the case of silica
chains, we have SiO' group which accepts H+ from solution. In the case of magnesium
hydroxide sheet, we have octahedral sites which would like to complete their Mg
coordination with water from the air or solution. These sites, at the end of fibrils,
possess a weak Bronsted acidity. However, several complications in the surface
chemistry and structure of chrysotile can appear because of the shape of fibrils. Indeed,
fibrils with cylindrical layers should have a continuous Mg hydroxide surface. This not
the case for fibrils with layers in spiral conformation (rolled up like a carpet) which
present a "ledge". Moreover, the chrysotile possesses inner spaces and gaps between
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them. These spaces can be filled by materials other than serpentine. Therefore, the
surface may be in part a coating material rather than the Mg hydroxide sheet. The
surface of the unfilled inner space of a fibril is the silicate sheet where a solution will
have access. But the interactions of a fluid with the interior fibril surface may be minor
compared to interactions with the exterior fibril surface.

OH

OH

Mg

Mg

OH

/O.

OH

00
Unit cell

• Si

Qo

Figure 3.9: Surface structure of chrysotile.

3.1.3.6. Surface charge.
In aqueous solution, the octahedral sheet of the outer surface of chrysotile fibrils
has a positive net charge. The silicate sheet of the inner tube of a fibril has a negative net
charge. However, the size of the exterior surface of a fibre is larger than the interior,
resulting in a positive zeta potential for chrysotile. Typical values for two chrysotile
27

samples are +40.5 and 52.5 mV in distilled water for pH=7.4 at room temperature .

3.1.4. Surface site reactivity o f chrysotile and amphiboles.
29

Bonneau et al used probe molecules to study the acid base properties of
amphibole asbestos. Pyridine, which is used to probe acid sites, was only physisorbed on
chrysotile and amphibole asbestos indicating that acid sites on the surface are few or
weak. Fluoride, phosphate, CO2 and benzoic acid, which are reactive with basic sites
were chemisorbed to surface hydroxyls. Therefore, the majority of reactive sites on
chrysotile and amphibole asbestos have Lewis base character.
42

It is also reported in literature that chrysotile possesses hydrophilic character
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as

distinct from the amphiboles amosite and crocidolite which show a degree of
43 21

hydrophobicity due to naturally occurring organic impurities such as oils ’ .
The amphiboles asbestos show various degrees of relative resistance to reaction
with acids whereas strong acids decompose rapidly chrysotile. All varieties of asbestos
amphiboles as well as chrysotile show a good stability toward alkali.

3.2. Man Made Vitreous Fibres (MMVF).
3.2.1 Introduction.
The man-made vitreous silicate fibres include textile glass fibres, glass fibres
used for air and liquid filtration as well as fibres used in insulating and ceiling tile
products which are often called mineral fibres in the literature. The name mineral fibres
comes from the mineral starting materials mostly used for their production and includes
glass wool, rock and slag wool and refractory ceramic fibres. Typically, most man made
fibres are not respirable since their diameter are greater than 3 pm.
The man-made vitreous fibres are non-metallic inorganic fibres which are in
glassy or vitreous state when produced. They are oxides, mainly silica Si0 2 and are
called silicate glasses.

3.3.2. Chemistry.
Many oxides could be used in commercial glasses. However, their number is
limited by their cost. Therefore, most man made vitreous fibres contain SiC>2 as the
largest component. Indeed, SiCh is the second most abundant mineral compound in
nature (after the feldspars).
To form a glass, a glass former such as SiC>2 , B2 O3 , P 2 O 5 or Ge0 2 is required.
These compounds can be melted and quenched into a glass state. Quartz fibres consist
of purely SiC>2 . However, modifiers and intermediate oxides are added to enable the
glasses to melt and be worked at lower temperatures. Oxides such as A I 2 O 3 , Ti02 and
ZnO are usually classified as intermediate oxides or stabilisers. Oxides such as MgO,
U 2 O, BaO, CaO, Na2 0 and K2 O are usually classified as modifiers and can be called
fluxes. The fluxes allow the Si0 2 network to break down. The intermediate oxides help
to obtain a silicate glass with a high degree of chemical resistance. They also control,
with the fluxes, the viscosity of the melt. The melt must possess a viscosity allowing it
to cool rapidly into a vitreous state.
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Three types of raw materials are used to make MMVF:
- Mined or quarried materials: sand, clay, limestone, dolomite and basalt or other mined
rocks.
- Manufactured chemicals: soda ash, borax, boric acid and calcined alumina.
- Waste glass from other industries.
44
The fibres are produced using different process . The continuous drawing
process is used to make continuous glass fibres often called textile fibres; the rotary
process to make most of the insulating glass fibres; the flame attenuation process to
make glass fibres for special uses like filtration; the fibre blowing process to make
refractory ceramic fibres and the wheel centrifuge and Downey process to make
refractory ceramic fibres as well as rock and slag wool fibres.

The chemical composition for typical fibres of textile glass, glass wool, rock and
slag wool as well as refractory ceramic fibres are shown in table 3.544. It has to be noted
that the compounds reported in table 3.5 are oxides which do not exist as individual
crystals in the fibres.
Three typical textile glass fibres are reported: E glass which is a calcium
aluminium silicate glass; S glass which is a magnesium aluminium silicate glass and AR
glass produced with a high content of Zr0 2 oxide in order to improve its stability to
alkalis.
Glass wool fibres have typical composition with more Na2 0 and K2 O alkaline
oxides as well as B2 O3 and less CaO and MgO than rock and slag wool fibres resulting
in a low and high melting temperature respectively.
Ceramic refractory fibres have a composition of about 50/50 in weight A I 2 O 3
and Si0 2 . Other oxides such as Zr0 2 , Ti0 2 and Cr2 0 3 can be added to change the fibres
properties.

The fibres have binders or other materials sprayed onto them (table 3.6) at the
last stage when they are formed44. After spraying, glass wool fibres and slag and rock
wool fibres are bring into a curing oven.

55

o
60-70
0-5

9i o
1
O

^ o ® o

o 9.
10-18

0-0.5

11-20
1-10

Textile
glass fibres
AR-Glass

Textile
glass fibres
S-Glass

1

0-2
0-5
16-25
0-1.5
0-0.8
0-1

52-56
12-16
5-10

Textile
glass fibres
E-Glass
(A lA

o

9

Qo

0-0.5
0-0.5
0-3

55-70
0-7
3-12
13-18
0-2.5
0-5
5-13
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melted in a
cupola
41-53
6-14

Rock wool
made from
basalt
melted in a
furnace

VO

1 1 ......................................
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<0.01

<0.01

15-17

0.2
0.1

<0.03

<0.3
<0.01
0.01
<0.05
0.04
<0.05

47.5-50
35-36
0.2
<0.01
<0.01
<0.05
0.02
<0.2

48.5-54
45.5-50.5
0.5
<0.01
<0.1
<0.1
2
1

49.5-53.5
43.5-47

Refractory Refractory Refractory
ceramic
ceramic
ceramic
fibres
fibres
fibres
Zirconia
High purity
Kaolin
aluminosili- aluminosili aluminosili
-cate
-icate
-cate

Type of fibres
Textile glass fibres
Glass wool fibres

Rock and slag wool
fibres

Coating
Chemical sizing to protect and lubricate the fibres.
Binders mainly phenol formaldehyde resins.
Other agents including melamine resins, silicones, oils for
lubrication, wetting agents, antistatic agents and stabilisers.
Lubricant or dedusting agents (water based emulsions of
mineral oil, polypropylene glycol or related compounds).
Binders (phenolic resins).
Antistatic agents, wetting agents and hydrophobic agents.
none

Refractory ceramic
fibres
Table 3.6: Binders and other materials sprayed onto MMVF.

3.3.3. Structure.
The MMVF are synthetic fibres with a glass like structure. A glass is an
inorganic non-crystalline (amorphous) material formed after solidification from a
molten product45. In contrast with crystalline materials, it shows a diffuse x-ray
diffraction diagram. Silicate glasses consist of three dimensional network of SiO4*
tetrahedra linked by sharing a common bridging oxygen (figure 3.10). Oxides or other
elements or cations can remain in the interstitial spaces of the network. In other words,
glasses possess a short range order and a long range disorder. They do not have lattice
order or orientational order.

Figure 3.10. Silicate network in glassy material.
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Glasses have conchoidal fracture properties and break with dish or shell like
surfaces. Consequently, MMVF, do not split longitudinally or along their length like
asbestos but across. Indeed, asbestos fibres can split longitudinally or along their length
into many thin fibres which can split again into thinner fibres called fibrils. This is due
to structural features. MMVF do not exhibit fibres with diameters as thin as most of
asbestos fibres. The fibres have no planes of cleavage and break almost cleanly across
becoming shorter and not thinner.

MMVF are vitreous when manufactured. However, for special applications
ceramic fibres as well as rock and slag wool fibres can be partially crystalline when they
are exposed to high temperatures. Moreover, small unmelted grains such as silica,
alumina, mullite, olivine or anorthite can be found in MMVF. Some refractory ceramic
fibres can also show very small amount of tiny mullite crystals. Finally, small amounts
of inorganic crystallites (especially calcium compounds) are often found in the binder
coating the fibres.

3.3.4. Dissolution behaviour.
MMVF are rapidly dissolved by alkaline solutions44. In acid solution, atoms
such as Na, Ca and Mg are removed from the network leaving an open silicate structure
which dissolves more slowly44. E glass and refractory ceramic fibres which have high
alumina and silica content possess lower dissolution rates than slag, rock and glass wool
fibres.
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CHAPTER 4

BACKGROUND ON WET REMOVAL ASBESTOS
CONTAINING MA TERIALS
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4. Background on wet removal asbestos containing materials.
4.1. Introduction.
The tendency of asbestos containing materials to generate fibres during a
disturbance, depends significantly on the type of materials. Products where asbestos
fibres are bound in a matrix such as friction materials (e.g.: brake lining for lorries) and
cement, release in general less fibres into the atmosphere during their working time than
friable asbestos lagging. However, the risk associated with asbestos material conducted
to their progressive removal.

Dry removal was found to be a hazardous operation, contaminating the site with
a high concentration of asbestos fibres. On the other hand, the wetting of the material
reduces the hazard associated with the removal process by aggregating the fibres
together. The concentration of fibres in the atmosphere is therefore considerably
reduced1. As wet removal is now in widespread use in the UK, tests were needed for
assessing the effectiveness to suppress or reduce airborne fibre levels. HSL designed, a
few years ago, a rotating drum dust generation tester, which was used to estimate the
concentration of fibres released during disturbance of wet asbestos materials.

4.2. Wetting process.
The application of wetting agents on asbestos containing materials where the
outer surface is sealed, covered or armoured, using handsprays, are usually unsuccessful
and superficial. Therefore, systems were developed in order to improve the wetting
process. Asbestostrip Innovations designed a system called The Safestrip Injection
System, able to inject the liquid directly inside the material (figure 4.1). In this system,
the water passes through a filter, a pressure regulator, a pump and a mixer where the
wetting agent is mixed with water. The diluted wetting agent is then distributed directly
inside the material with a set of needles creating multipoint injections. The pressure at
the needles is about 2 bars. Long needles up to 50 cm for injection into inaccessible
flock coated steel work or concrete can be used. The injection is usually carried on from
the top, since gravity helps penetration. After a soaking time, removal proceeds.
Handsprays then provide additional wetting where dry areas exist.
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The amount of liquid necessary for a complete wetting varies from 40 to 60 % of
the asbestos material volume.

pressure relief
valve

diluting pump

water
mixer

filter
pressure
regulator
wetting agent

needles

Figure 4.1: Simplified Injection needles system called Safestrip Injection System, developed by
Asbestostrip Innovations (Cinderford).
4.3. Wetting and encapsulating agents.
There are two types of products: wetting and encapsulating agents. The wetting
agents penetrate and saturate asbestos containing materials, while the encapsulating
agents penetrate them and harden, forming a less friable material.

Wetting and encapsulating agents are generally developed from “hands on
experience” rather than from the study of chemistry and properties of asbestos
containing materials. Water was proved to be a good wetting agent but non-applicable
due to its fast rate of evaporation. Wetting and encapsulating agents were also used in
order to improve the wetting process . However, a lot of wetting agents are water based
products.

The literature reported the investigation of the penetration of water, solution of
surfactants in water, commercial asbestos removal solutions and analytical reagent grade
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organic liquids into asbestos containing materials. It was found that in most cases the
addition of wetting agent to water caused no improvement in wetting levels with the
exception of amosite / calcium silicate .

HSL found that different agents are required depending on the composition of
asbestos containing materials. For example, water appears to be an adequate wetting
agent for hydrophilic asbestos containing materials (pre-formed tiles and pipe lagging
composed of primarily calcium carbonate and quartz mixture with 18 % of amosite).
The addition of wetting agents to remove hydrophobic asbestos containing materials
(loose amosite material) appears to be beneficial .

Three products called penetrant n°l, astrip and hotstrip were supplied and
described in the following paragraphs.

4.3.1. Penetrant n°l.
Eppert penetrant n°l from Eppert Europe Limited (Rugeley) was provided by the
Health and Safety Laboratory (Sheffield). Penetrant n°l is a white solution or emulsion
in water which forms a film when dry. It is an encapsulating agent. However, the
concentration and chemistry are not officially known.

The Raman spectrum displays bands characteristic of n-alkane and two bands (at
670 and 615 cm'1) assigned to the C-Cl stretching vibrations. The major compound is
probably a long chain alkane with chlorine. In fact, the Raman spectrum of this wetting
agent is very similar to the spectrum of polyvinylchloride (PVC).

The infrared spectrum (dry film cast on ZnSe) shows also bands characteristic of
n-alkane and C-Cl stretching vibrations.
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Figure 4.1. Raman (1) and infrared (2) spectra of penetrant n°l. (1) wetting agent cast on quartz
slide, red laser; (2) wetting agent cast on ZnSe, transmission mode.
4.3.2. Astrip.
Astrip was provided by Asbestostrip Innovations (Cinderford). This product was
designed by B.P chemicals, 1986-87, specifically to wet asbestos containing materials.
This wetting agent was developed to be used at ambient temperature (between O0 and
80°C). It possesses a viscosity of 2.0 centistokes at 40°C.

The composition of Astrip is as follows:
- 39.65% w/w of deionized water

- 50% polyalkylene glycol

/ R

h o 4 _C

R
- 10 % additives.
- 0.25% optional dye.
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4.3.23. Hotsrip and emulsions.
Hotstrip was provided by Asbestostrip
Innovations (Cinderford). It is a clear nonaqueous solution, composed of pure
polydimethylsiloxane (PDMS), having a viscosity
of 50 centistokes.

This wetting agent is used on asbestos removal sites at high temperature
conditions (between 90 °C and more than 200 °C)

PDMS consists of Si-O-Si siloxane backbone with methyl side groups. The
siloxane backbone is one of the most flexible polymers due to:
- the Si-0 bond length (1.64 A) which is longer than the C-C bond (1.53

A)4

- The Si-O-Si angle which is more variable (105-180°) and more open than the
tetrahedral bonding (~110°)5.
The siloxane bonds rotate freely requiring almost zero rotational energy6. The
flexibility of the siloxane backbone permits the orientation of the methyl groups at the
surface or interfaces (figure 4.2).

CH-

CIl

metal surface
Figure 4.2. Orientation of PDMS on metal substrate.

PDMS has also a very low surface energy of 20 mN/m6 and possesses a
spreading or creep behaviour5.

Silicone (RnSiO(4 .n)) in water emulsions were provided by Dow Coming. The
particles of silicone possess a size of 15 to 20 pm. The emulsions are composed of:
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- 97 % w/w of water and silicone (40 % w/w of water for 60 % w/w of silicone).
- very small amount of additives (3 to 6 % w/w).

4.4. Rotating drum dust generation tester:
Literature reported tests which were developed to measure the concentration of
fibres released from the surfaces of material containing asbestos untreated and
encapsulated, when exposed to an air stream and brush .

The rotating drum tester, developed by HSL, was previously used in order to test
a variety of materials for their dustiness such as sand, cement, silicon carbide, coal dust
talc and reactive dyestuff. Burdett et al tested and compared the dust generation of man
g
made vitreous fibres in correlation with the removal of MMVF material . Most recently,
Atkinson used the drum in order to measure the release of fibres from different asbestos
containing materials9.

4.4.1. Description o f the tester.
The schema of the rotating drum tester is given in figure 4.3. The 50 litre
stainless steel drum of the dust generation tester is composed of a main cylinder body
and two removal conical end pieces. Six vanes of 2.5 cm height are found along the
internal surface of the main cylinder in order to facilitate the breaking of the sample and
provide a homogenous dust distribution. The rotation of the drum standing on two
rollers is activated by a variable speed motor. The released fibres are collected on
cellulose filters which are fitted in a sampling cassette and connected to a variable flow
rate pump. The air flow rate is measured using a calibrated rotameter. The cassettes fit
onto the outlet of the drum by silicone tubing which permits quick and easy exchange.
The rotating drum is placed in a glove box due to the hazardous nature of the samples
that are being investigated.
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sampling
f outlet
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removareonical
end piece.
twin rollers
pump
motor
Figure 4.3. Schema of the rotating drum dustiness tester.

4.4.2. Procedure fo r running a test.
Before performing a test, a control blank filter is run when the drum tester
without sample inside, rotates during 2 minutes. The sample under study is then placed
in the centre of the cylinder. The drum is closed and sealed. A new cassette containing a
cellulose filter (22 diameter, 0.8 pm pore size) is connected to the pump. The air flow
rate of the pump is about 2.5 1/min. The motor which rotates the drum at 20 revolutions
per minute, is switched on. Dust and fibres produced inside the drum are collected on
cellulose filters fitted in cassettes which are change eveiy 2 minutes. While the cassette
is removed and replaced by another cassette, the pump and the motor which rotates the
drum, are switched off.

The filters including the blank sample are removed and cut in half. One half of
the filter is treated using the acetone triacetin method and the fibres are counted using
the phase contrast optical microscopic (PCM) method (see chapter 1). The concentration
of fibres released in fibres/ml is calculated using the formula (see chapter 1 for more
details):
C = (1000 N D2 / V n d2)

3.1

where N is the number of fibres counted, n is the number of graticules area examined, D
is the diameter of the exposed filter area (22 mm), d is the diameter of the Walton
Beckett graticule (100 pm) and V (in litres) is the volume of air sampled (5 1).
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The rotating drum dust generation tester was used to evaluate the effectiveness
of wetting agents to suppress dust from asbestos containing materials. The wet material
under study needed to be compared with the dry material and two sets of experiments
were run. When the dry material possesses different weights, a correction is applied on
the formula of the concentration of fibres released. The correction factor is the ratio of
the dry and wet sample weights.
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CHAPTER 5

RAMAN SPECTRA OF INORGANIC FIBRES
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5. Raman spectra o f inorganic fibres.
5.1. Introduction.
Organic fibres possess a diameter of about 10-100 pm. Such fibres are easily
identify by Raman or infrared microspectroscopy. An example is given in figure 5.1, for
a propylene fibre. The infrared spectrum was obtained in transmission mode. The fibre
was flattened in order to improve the signal to noise ratio and reduce diffraction effects1.
No sample preparation was necessary for Raman analysis. The fibre was simply placed
on a quartz slide. The two spectra are very similar, showing bands due to:
- CH stretching vibrations (3000-2840 cm'1).
- CH bending vibrations of methyl group and methylene scissoring (1370-1470 cm'1).
- hydrocarbon methylene twisting and wagging (1150-1350 cm’1).
- methylene rocking vibration (about 720 cm'1).

1-------- 1--------1-------- 1--------1--------1-------- 1--------1--------1--------1-------- 1-------- 1--------1-------- 1--------1--------1
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F ig u re 5.1: S p e c tra o f a p o ly p ro p y le n e fib re. (1) in frared sp ectru m , fla tte n e d fib re o n K B r,
tra n sm issio n m o d e, re so lu tio n = 4 cm*1, t= 5 0 0 s; (2 ) R am an sp ectru m , fib re on q u a rtz slid e, red
laser, X 50 o b je c tiv e , T tot« 9 m in.

However, the spectra show differences in intensity or numbers of bands. Indeed,
in infrared spectroscopy, vibrations which involve a change of dipole moment (p) of the
molecule are observed, whereas those related to a change of the induced dipole moment
through the polarisability (a) are observed in Raman spectroscopy.
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Raman microspectroscopy possesses a better spatial resolution than infrared and
permits the analysis of particles of 1-2 pm in size without any sample preparation
instead of at least 10 pm in the case of infrared. Therefore, Raman microscopy seems to
be a more appropriate technique than infrared for the study of inorganic fibres such as
asbestos since the fibres can split into thinner fibres of 1 pm or less.

The data were collected using the continuous extended scanning technique.
Therefore, for all spectra shown in this chapter, the total exposure time is calculated
from the formula : Ttot » (1 + total scan range / average static window length) x Tex;
with Tex, the exposure time.

5.2. Raman spectra offive asbestos reference standards and some o f their non-fibrous
analogues.
5.2.1. Introduction.
Five types of asbestos are chain silicates in the amphibole group, while the last
one, chrysotile, is a sheet silicate in the serpentine group. Moreover, all asbestos fibres
can occur with non-fibrous habit as mineral fragments which are non-asbestos varieties.
The discrimination between asbestos fibres and non-asbestiform fragments is based on
visual criterion using optical microscopy or Scanning Electron Microscopy. The
characteristics of the asbestiform habit are listed in chapter 1.
Five asbestos reference standards (amosite, fibrous anthophyllite, chrysotile,
crocidolite and fibrous tremolite) and some of their non-fibrous analogues (grunerite,
lizardite, riebeckite and tremolite) were analysed by Raman spectroscopy in order to
find out if it was possible:
- firstly, to discriminate one type of asbestos from another.
- secondly, to differentiate the asbestos fibres from the mineral fragments.

5.2.2. Materials and method.
The asbestos fibres and mineral fragments were provided by the Health and
Safety Laboratory, Sheffield. The asbestos reference standards are representative of
typical asbestos types of amphiboles and serpentine minerals. The asbestos minerals
may be associated with non-asbestos analogues among the amphibole minerals or with
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non-asbestos serpentine minerals such as antigorite. The five asbestos samples analysed
by Raman microspectroscopy contain small amounts of impurities. In amosite fibres
from Penge Mine (South Africa), there are a few quartz and graphite particles present.
The fibrous anthophyllite sample from Karelia (Finland), contains talc and chlorite.
Chrysotile contains small amount of quartz and iron oxide particles. The crocidolite
fibres from Coretsi Mine (South Africa), are occasionally intergrown with fine grains of
iron oxides and grains of iron hydroxides. Small quartz particles can also be found.
Tremolite fibres from Saltworks Mine, Death Valley (California, USA), contains calcite
and talc.

For Raman analysis, the hazardous asbestos fibres of each type mentioned above
were encapsulated between a quartz slide and a quartz window while the mineral
fragments were just deposited on a quartz slide. The quartz is an ideal substrate for
Raman spectroscopy since its spectrum does not show a fluorescence background and
presents only few weak broad bands at low wavenumbers. However, the thin quartz
window (0.22 mm thick) on top of the fibres, necessary for the health and safety risk
aspect, reduces the signal to noise ratio. Moreover, asbestos scatters visible light weakly
in comparison to organic materials which results in longer acquisition times.
The laser was focused on closely packed bundles of fibres or crystals. Indeed, the
fluorescence background is less important when the asbestos fibres are closely packed
rather than when they do not show particular arrangement. The Raman spectra of five
reference asbestos fibres in comparison with some of their non-fibrous analogues were
obtained using the 633 nm line of helium neon laser and the 785 nm line of near infrared
laser for chrysotile only. The instrument was set up in microprobe mode using a slit
width of 50 pm and a CCD area of 15x576 pixels.

5.2.3. Results.
The spectra display sharp bands in the 200-1200 cm-1 and 3500-3800 cm'1region
(figure 5.2.a to 5.2.e). The characteristic peaks are listed in table 1 with a general
possible assignments . The precise assignments is not very well known or understood
from literature because the chemistry and structure of asbestos is rather complex.

74

- Fibres

9000

1300-

7000-

1100-

5000-

900-

3000-

700-

l ooo-

500-

3 9000-

Crystal

550450-

7000-

35050002503000
150-1
200

400

600

800

Delta wavenumbers (cm-1)

1000

1200

3550

3650

3750

Delta wavenumbers (cm-1)

F ig u re 5.2.a: R a m a n sp ectru m o f re fe re n ce a m o site fib re s in co m p ariso n w ith re fe re n c e
g ru n e rite c ry sta l. (1 ) am o site, re d laser, X 50 o b jec tiv e, T tot« 2 2 .4 m in; (2) a m o site, re d laser,
X 50 o b je c tiv e , T tot« 11.1 m in; (3 ) g ru n erite, re d laser, X 5 0 o b jectiv e, T tot» 15.8 m in;
(4) grunerite, red laser, X 50 objective, T tot« 3.1 m in. - Q uartz subtraction applied on spectrum (1).
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F ig u re 5.2.b: R a m a n sp ectru m o f re fe re n ce c ro c id o lite fib res in co m p ariso n w ith re fe re n ce
rie b e c k ite c ry sta l. (1 ) c ro cid o lite, red laser, X 50 o b jectiv e, T (ot« 2 7 .7 m in; (2) c ro c id o lite , red
laser, X 50 o b je c tiv e , T tot« 11. 1 m in; (3 ) rie b ec k ite, red laser, X 50 o b je ctiv e , T,ot« 7.9 m in;
(4) rie b e c k ite , re d laser, X 50 o b jectiv e, T tot« 3.1 m in. - Q u a rtz su b tra ctio n a p p lied on sp ectru m
(1); sm o o th in g fu n c tio n (S av itsk y G olay, d eg ree 2, 11 p o in ts) ap p lie d on sp e c tra (2 ) and (4).
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Figure 5.2.c: R am an spectrum o f reference trem olite fibres in com parison w ith reference trem olite
crystal. (1) fibrous trem olite, red laser, X 50 objective, Ttot ~ 23.1 min; (2) fibrous trem olite, red laser,
X 50 objective, Ttot ~ 15.8 min; (3) tremolite, red laser, X 50 objective, T ^ » 2.2 min; (4) trem olite, red
laser, X 50 objective, Ttot ~ 3.8 min. - Q uartz subtraction applied on spectrum (1); baseline correction
and sm oothing function (Savitsky Golay, degree 2 , 1 1 points) applied on spectra (2 ) and (4).
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Figure 5.2.d: R am an spectrum o f reference chrysotile fibres in com parison w ith reference lizardite
crystal. (1) chrysotile, infrared laser, X 20 objective, T tot ~ 4.3 m in; (2) chrysotile, red laser, X 50
objective, T tot« 11.1 m in; (3) lizardite, red laser, X 50 objective, T tot ~ 7.9 m in; (4) lizardite, red laser,
X 50 objective, Ttot« 3.1 m in. - Q uartz subtraction applied on spectrum (1); baseline correction and
sm oothing function (Savitsky G olay, degree 2 ,1 1 points) applied on spectrum (2).
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Figure 5.2.e: Raman spectrum of reference anthophyllite. (1) fibrous anthophyllite, red laser,
X 50 objective, Ttot ~ 23.1 min; (2) fibrous anthophyllite, red laser, X 50 objective, Ttot» 15.8
min. - Quartz subtraction applied on spectrum (1); smoothing function (Savitsky Golay, degree
2, 11 points) applied on spectrum (2).
The asbestos spectra are significantly different and possess their own features in
such a way it is possible to discriminate one type of asbestos from another as in infrared
spectroscopy4,5. Actinolite is the only asbestos that was not studied and exhibits a very
similar spectrum to tremolite6. There are several important advantages of using Raman
spectroscopy on asbestos fibres. Firstly, the Raman bands have narrower band widths
and are therefore more characteristics than infrared bands. Secondly, in general, the
Raman spectra extend to lower wavenumbers, 200 cm-1 instead of 400 cm'1 in the case
of conventional mid-infrared spectroscopy. Thirdly, there is little or no sample
preparation. The fibres do not need to be ground with an alkali halide.
All of the five asbestos references show a band between 660 cm*1and 690 cm'1
characteristic of the Si bridging -O-Si symmetric stretching vibration. This band can be
used as an initial help for discrimination. It appears at about 690 cm'1 for chrysotile, at
about 670 cm'1for anthophyllite and tremolite and at about 660 cm'1 for amosite and
crocidolite. However, each asbestos spectrum exhibits also their own bands used for
identification. A very strong band at about 390 cm'1assigned to a metal-oxygen
vibration occurs in the chrysotile spectrum. For crocidolite, four bands at 577 cm'1, 539
cm'1, 374 cm'1and 969 cm*1are taken as the main features. Amosite and anthophyllite
show bands at 1020 cm*1and 1040 cm*1respectively. The tremolite spectrum displays
two bands at 1060 and 1030 cm'1(Si-O-Si stretching vibrations) and several bands
between 410 and 350 cm'1 (metal oxygen vibration modes).
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Si-bridging
O-Si
stretching
modes
v / cm'1

Non
bridging
Si-O
stretching
modes
v / cm'1

Si-O-Si
deformation
modes
v / cm'1

OH
stretching
modes
v / cm'1

Metaloxygen
modes
v / cm'1

421 (m)
three bands:
401 (m)
506 (w)
3656
Amosite
364 (m)
3639
349 (m)
3623
309 (w)
287 (w)
430 (m)
410 (w)
3674
384 (m)
671 (vs)
1042(m)
362 (m)
Anthophyllite
336 (vw)
304 (m)
260
465 (m)
432 (vw)
1105(vw)
3700
Chrysotile
692 (vs)
389 (vs)
3685 (sh)
623 (w)
345 (s)
321 (vw)
304 (vw)
1085 (s)
469 (m)
Two bands:
1032(m)
969 (vs)
374 (vs)
332 (m)
3637
Crocidolite
664 (s)
891 (s)
509 (w)
3620
772 (m)
297 (s)
577 (vs)
737 (m)
249 (s)
539 (vs)
271
414 (w)
393 (m)
1061(m)
369 (m)
3677
Tremolite
928 (w)
349 (vw)
1028(m)
672 (vs)
251 (w)
222 (w)
232 (w)
Key: vs, very strong; s, strong; w, weak; vw, veiy weak; sh, shoulder.
Table 5.1: Table of wavenumbers and assignments for the Raman spectra of asbestos fibres.
1093 (vw)
658 (vs)
555 (vw)
528 (m)

1020 (s)
968 (m)
903 (vw)

3

The Raman spectrum of amosite is similar to that of Lewis et al. . The band at
903 cm'1also observed in the spectrum of Lewis et al, is not present in our grunerite
spectrum. It might arise from an impurity or more simply be too weak in grunerite
spectrum. The band at 1093 cm'1 is not observed in the spectrum of Lewis et al.,
whereas it appears in both of our fibrous and non-fibrous spectra. The Raman spectra of
crocidolite and chrysotile are in good agreement with those of Lewis et al and Delhaye
37

et al ’ . The Lewis et al. spectrum of chrysotile clearly presents a very strong band at
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about 690 cm'1. However, it was reported in the text and table, by mistake, at 670 cm'1.
For tremolite fibres the spectrum, using the 633 nm excitation, is in agreement with
those of Blaha et al using the 514 nm excitation but the fluorescence background is
higher in our spectrum . Our anthophyllite spectrum is in good agreement with those of
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Delhaye et al and Blaha et al ’ . It is also close to the spectrum reported by Lewis et al

3

as tremolite, but which is probably anthophyllite.
The Raman spectra of asbestos fibres and their non-fibrous form were also
compared. It is difficult to find any important differences except for some cases in the
OH stretching region. Amosite and crocidolite show three (3656(very strong), 3639(very
strong), 3623(medium) cm'1) and two (3637(weak), 3620 (weak) cm'1) bands while
grunerite and riebeckite presents only two (3642 (weak), 3623 (very strong) cm'1) and
one (3624 (weak) cm*1) bands respectively.
5.3. Raman spectra o f tremolite reference standard in comparison with its nonfibrous analogue.
5.3.1. Introduction.
A more extensive study on both fibrous and non-fibrous tremolite was
performed in order to find out if there was any difference in the Raman spectra
corresponding to the difference in morphology. Indeed, the spectra of asbestos fibres
and non-asbestiform fragments, both, show only one band in the OH stretching modes
region.
5.3.2. Materials and method.
The instrument was set up in confocal mode using a slit width closed down to 15
pm and a CCD area of 4x576 pixels. The confocal mode was used in order to maximise
the spectral resolution (it is about 2.5 cm'1). Therefore, because of the resulting loss of
photons, a reasonable signal to noise ratio could be obtained when the laser (633 nm
excitation) was focused on large crystals of tremolite and bundles of tremolite fibres
using the X 50 objective and a long acquisition time was used. The same parameters
(time acquisition, objective) were applied for all the spectra and all the spectra were
recorded the same day.
The tremolite and tremolite fibrous samples came from Edenite and Death valley
respectively. The crystals and fibres were attached on cellulose filter.
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5.3.3. Results.
The OH region shows in both cases only one band. The spectra o f the fibrous
and non-fibrous tremolite show a difference in the half width of the 670 cm '1 band,
corresponding to the Si bridging-O-Si stretching vibration, and more significantly in the
half width of the metal-oxygen bands at 390 cm' (figure 5.3.a to 5.3.c). The half width
of the 670 cm '1 was measured after applying a baseline between 600 and 720 cm '1. The
half width o f the more intense band at 392 cm '1 was measured after applying a baseline
between 320 cm’1 and 460 cm '1 and fitting the four bands at 415, 392, 371 and 347 cm '1
(figure 5.3.d).
The bands used for the curve fitting were 100 % Lorentzian.
The plots, showing the position and half width o f the two bands at about 670 and
390 cm' , for six different tremolite crystals and fibres are given in figures 5.4.a to 5.4.d.
Figure 5.4.b.
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Figure 5.4: Position of the tremolite bands at ~ 670 and 390 cm '1(5.4.a and 5.4.b); width at half
height of the tremolite bands at ~ 670 and 390 cm'1(5.4.c and 5.4.d) for six different fibres and
crystals.
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Half width mean
Position mean value
(cm-1)
value (cm*1)
Band 1
392.1 ±0.2
10.3 ±0.9
Edenite crystal
Band 2
671.9 ±0.4
11 ± 1
Band 1
6.6 ±0.3
393.4 ±0.3
Death Valley fibres
Band 2
9.3 ± 0.2
673.3 ± 0.2
Table 5.2: Mean value of the position and half width of the bands at 670 and 390 cm*1for
tremolite fibres and crystals.
The half width mean values for the 670 and 390 cm*1bands is about 1.2 and 1.6
larger in the case of Edenite crystals than Death Valley fibres. The difference in half
width between the fibres and the crystals is more important for the 390 cm*1band than
the 670 cm*1. A small bands shift of about 1.3 cm'1 is also observed between the crystals
and the fibres (table 5.2).

The Raman band widths in crystalline solids are relatively sharp, mainly due to
the anharmonicity of the molecular vibrations10 . Two principal reasons can explain the
difference in the band widths between the fibrous and non-fibrous tremolite.
Firstly, defects, impurities or vacancies in the crystal lattice results in broadening the
Raman bands11. It would mean that the number of defects in Edenite is more important
than in Death Valley sample. Moreover, the metal-oxygen vibration band at 393 cm*1is
more sensitive to the broadening effect. The metal-oxygen vibration may be more
perturbed by the defects than the Si bridging -O-Si stretching vibration.
12

Secondly, an increase in temperature results in a linear increase in the band widths . It
could be possible that the laser locally heats the Edenite crystals more than the Death
Valley fibres due to the shape differences.
The next step would be to investigate samples from different sources.

5.4. Raman spectra o f reference fibres on cellulose filters.
5.4.1. Introduction.
At Health and Safety Laboratory, the asbestos fibres are routinely analysed by
polarised light microscopy (PLM) after a tentative identification by stereo microscopy.
The fibres are placed on a microscope slide into an appropriate drop of refractive index
(RI) liquid which must match the RI of the fibre as explained in chapter 1. Five high
dispersion liquids are used in general for the identification of the six types of asbestos
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fibres. The same RI liquid is used for the identification of fibrous anthophyllite and
fibrous tremolite. Therefore, it could be difficult with the PLM technique to distinguish
between tremolite and anthophyllite and a SEM/EDX analysis should be performed.
For fibre counting, the inorganic fibres are collected on cellulose filters. Indeed,
a measured volume of air is drawn through a membrane filter which is then mounted on
a microscope slide using the acetone triacetin method as explained in chapter 1. Fibres
are then counted using phase contrast microscopy in order to calculate the concentration
of fibres.

The identification of asbestos fibres by PLM involves many sample preparations.
However, Raman microspectroscopy is a more straight forward analysis technique. For
this reason, a Raman study of some reference inorganic fibres on filters was investigated
in order to:
- firstly, find out if it was possible to analyse individual fibres on membrane filters.
- secondly, establish the detection limit of the spectrometer. In other words, determine
the smallest fibre which could be identified.

Fibres especially asbestos, attached on membrane filters, before and after the
acetone triacetin treatment (see chapter 1), were analysed by Raman spectroscopy.
Moreover, an infrared microspectroscopic analysis in transmission and reflectance mode
of asbestos fibres on cellulose filters was attempted.

5.4.2. Materials and methods.
The five asbestos reference standards, described at the beginning of the chapter,
were placed on cellulose filters using a pump by drawing a volume of air through the
membrane filters. The filters display fibres with different diameter sizes (figure 5.5). All
Raman spectra were obtained using the X 100 objective and the 633 nm excitation,
except for chrysotile where the 785 nm line was employed. The laser was focused on
fibres having diameter from 1 to 5 pm.
An infrared spectrum of amosite fibres, in reflectance mode, with a resolution of
4 cm'1was also recorded. The infrared beam was focused on a bundle of fibres using a
microscope.
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10 um
Figure 5.5: Micrograph of amosite asbestos fibres on cellulose filter.

Amosite reference fibres on a filter treated with the acetone triacetin method for
fibre counting were also analysed by Raman microspectroscopy using the 633 nm
excitation. The cellulose filter was collapsed and cleared on a glass slide using hot
acetone. Two drops of glycerol triacetate were then applied and a quartz cover slip (0.22
mm) was mounted as explained in chapter 1.

Some inorganic fibres such as rock wool, mineral wool and microquartz fibres,
provided by the Health and Safety Laboratory, also placed on cellulose filters, were
analysed by Raman microspectroscopy using the 633 nm excitation. The spectra were
obtained using the X 50 objective, since the individual fibres have a diameter as large as
20 pm (figure 5.6).

30 pm
Figure 5.6: Micrograph of mineral wool fibres on cellulose filter.
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5.4.3. Results.
Even if the Raman spectrum of the cellulose filter alone gives strong bands, it
does not present a fluorescence background. Spectra of the asbestos fibres on the filter
show bands associated with the filter. This is not a problem, since the filter spectrum
can be easily removed by subtraction. An example is given, in figure 5.7, for an amosite
fibre having a diameter of 3 pm. When the size of the fibres becomes smaller, the part
of the cellulose filter in the spectrum increases and the information from the asbestos
fibres becomes poorer. This is specially true for fibres having small diameters of about
1-2 pm. Nevertheless, after subtraction of the filter, the main features from asbestos are
still present (figure 5.8).
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Figure 5.7: Subtraction process of Raman spectra. (1) cellulose filter; (2) amosite fibre of 3 pm
of diameter, red laser, X 100 objective, Ttot ~ 27.7 min; (3) subtraction: (3)=(2)-0.17 (1).
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Figure 5.8: Raman spectra of reference fibres on cellulose filters. (1) amosite fibre of 1 pm of
diameter, red laser, X 100 objective, Ttot» 27.7 min; (2) anthophyllite fibre of <2 pm of
diameter, red laser, X 100 objective, Ttot» 27.7 min; (3) crocidolite fibre of 1 pm of diameter,
red laser, X 100 objective, Ttot« 27.7 min; (4) tremolite fibre of <2 pm of diameter, red laser,
X 100 objective, Ttot« 27.7 min; (5) chrysotile fibre of 1 pm of diameter, near infrared laser,
X 100 objective, Ttot» 44.9 min.
Cellulose filter subtraction and baseline applied on spectra (1) to (5).
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The direct infrared spectrum of a bundle of fibres having a 20 pm of diameter on
a filter placed on a gold slide was collected in reflectance mode and ratio with the filter
background (figure 5.9). The spectrum obtained is clearly not characteristic of that of
asbestos from the literature4,5. In transmission mode, the filter alone is too thick and not
transparent, giving a saturated spectrum.
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Figure 5.9. Infrared spectrum of reference amosite fibres on cellulose filter after the ratio
amosite fibres on filter/filter alone. Bundle of fibres of 20 pm of diameter. Reflectance mode,
resolution=4 cm*1, t=500 s.
From the sample treated with the acetone triacetin method, the laser was focused
on a fibre having a diameter of 4 pm, using the X 50 objective. In fact, the light had to
travel through the quartz slide and the glycerol triacetate, resulting in a Raman spectrum
without any band from the asbestos fibre (figure 5.10). Even a quartz slide alone on top
of a fibre is going to reduce considerably if it is not to suppress the signal from the fibre.
The spectrum of a reference amosite fibre having a diameter of 3.5 pm and
treated with the acetone triacetin method but without any quartz window, was also
collected. The background from the filter, acetone and glycerol triacetate was removed
by subtraction. The final spectrum displays a strong band at 660 cm'1assigned to the
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Si bridging-O-Si stretching vibration and a very weak band at 1020 cm'1, both
characteristic of amosite (figure 5.10). However, such treatment for PLM analysis seems
to reduce the signal to noise ratio of asbestos spectra.
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Figure 5.10: Raman spectra of reference amosite fibres treated with the acetone triacetin
method. (1) fibre of 4 pm of diameter with a quartz slide on top, red laser, X 50 objective,
Ttot ~ 6.3 min; (2) fibre of 3.5 pm of diameter without quartz slide on top, X 100 objective, red
laser, Ttot« 18.9 min.
Background (treated cellulose filter and quartz) subtraction applied on spectrum (2).

The Raman spectra of the rock wool, mineral wool and microquartz fibres, on
cellulose filters, were also successfully obtained (figure 5.11 and 5.12). The usual
process of filter subtraction was also applied. However, the spectra show a profile
totally different from the asbestos fibres. Indeed, the spectra show broad bands in
contrast with the sharp bands of asbestos. The broadening effect of bands is due to the
elimination of non-bridging oxygen and the introduction of more disorder in the glass
13

network . Mineral wool and rock wool fibres show the same spectra with a strong
broad band at about 950 cm'1and a band at 550 cm'1 (figure 5.11). These spectra are
characteristic of glass spectra and fit very well with the Raman spectra of a lunar glass
and a lunar volcanic glass bead recorded by Sweet et al13 and Wang et al14 respectively.
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In bulk alkali and alkaline earth glasses, the Raman bands found in the 400-700
cm'1region are due to Si-O-Si linkages between the silicate tetrahedra15. In the 8001200 cm'1, the bands are associated with the Si-0 stretching vibrations of Si0 4
units15’16. The main bands generally appear near 1100, 1000, 900 and 850 cm'1 and are
assigned to Si-0 stretching vibrations of Si0 4 groups with 1,2, 3 and 4 nonbridging
oxygen respectively. Indeed, the addition of alkali and alkaline earth ions in the silicate
network creates non-bridging oxygen. The low frequency of Si-0 stretching (950 cm'1)
vibration in wool fibres could be due to the presence of high content of non-bridging
oxygen13,14. Indeed, the band position is closer to that of orthosilicate than of network
forming silicate. Moreover, the mineral and rock wool fibres have a relatively high
content of aluminium. We know that the addition of aluminium in the silicate network
of glasses, broadens and smears the bands due to the introduction of more non13 16

equivalent bond lengths and angles between SiC>4 tetrahedra ’ . This could explain the
broad bands in our spectra.
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Figure 5.11: Raman spectra of MMVF. (1) mineral wool fibre of 8 pm of diameter, red laser,
X 50 objective, Ttot« 14 min; (2) rock wool fibre of 36 pm of diameter, red laser, X 50
objective, Ttot« 14 min.
Cellulose filter subtraction applied on spectra (1) and (2).
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The Raman spectrum of the microquartz fibres, in comparison with the spectrum
of a quartz slide, shows weak bands (figure 5.12) and only two bands at 490 and 800
cm-1 can be clearly observed. The SiC>4 vitreous spectrum is characteristic of a
disordered network of Si0 4 completely polymerised by sharing the four oxygen.
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Figure 5.12: Raman spectrum of a quartz fibre in comparison with a quartz slide. (1)
microquartz fibre of 10 pm of diameter, red laser, X 50 objective, Ttot * 17.4 min; (2) quartz
slide - Cellulose filter subtraction applied on spectrum (1).
Thus, Raman microspectroscopy is a powerful technique allowing the direct
identification of pure inorganic fibres on cellulose filters especially asbestos fibres as
small as 1 pm of diameter. The next step, now, is the attempted identification of
unknown fibres from real "industrial" samples like waste asbestos samples from
buildings ceilings, walls or pipe insulation.

5.5. Identification o f unknown fibres and other particles on cellulose filter by Raman
microspectroscopy.
5.5.1. Introduction.
The fibres and particles under study were:
- either, directly collected on cellulose filters from air monitoring measurements (figure
5.13).
90

- or, placed on filter from bulk materials using a pump or a rotating drum tester.

10 pm
Figure 5.13: Micrograph of particles and fibres from ‘real industrial sample’ on cellulose filter.

The instrument was set up in microprobe mode using a slit width o f 50 pm and a
CCD area of 15x576 pixels. The usual process o f filter subtraction was applied. In some
cases, a baseline correction and a smoothing function were applied in order to improve
the quality of the spectra. In the following paragraphs, the spectra o f unknown fibres are
presented in comparison with reference asbestos. Sometimes, the sample was left under
the laser for few minutes in order to diminish the fluorescence background.

5.5.2. Insulation material from the ICI industrial site at Middlesborough.
5.5.2.1. Materials and methods.
Bulk samples from an insulation pipe on the ICI industrial site in
Middlesborough were collected for Raman analysis. The insulation was composed of
two layers. The first, a yellow material, was apparently mainly a calcium silicate layer.
The second, a grey material, was the inner layer containing asbestos fibres. A sample
from each layers was then placed on cellulose filters. In this case, a small amount o f the
bulk samples were placed on a clean glass slide. The particles or fibres were separated
using tweezers and collected by directly pressing the filters on top o f them.
The laser (633 nm excitation) was focused on particles, bundles and individual
fibres using the X 50 and X 100 objectives depending on the size o f the mineral
investigated.
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5.5.2,2. Results.
^ First layer. Calcium silicate.
From the investigation of several particles, two types of spectra were collected
(figure 5.14). The spectra, obtained from yellowish particles, show three bands at 1084
(very strong), 711 (weak) and 280 (medium) cm'1, characteristic of calcium carbonate17.
These types of particles appear in large majority in the first layer. The spectra, obtained
from transparent particles, exhibit a strong band at 460 cm"1 as well as weak bands at
i

718

350 and 260 cm which are typical bands from SiC>2 ’ . These types of particles are
present in only small numbers. However, none of the particles were identified as
♦

dicalcium silicate (C2 S) or tricalcium silicate (C3 S)

*19 20

’ . Indeed, none of the Raman

spectra from the yellow particles show bands from silicates.

The calcium silicate material, was also analysed by infrared spectroscopy using
the Golden Gate (attenuated total reflection (ATR) unit) in order to obtain
complementary information (figure 5.15). The diffuse reflectance infrared Fourier
transform spectra (DRIFTS) of C3 S, silicate calcium hydrate (C-S-H ) and CaC0 3 are
21

reported in the literature . The C3 S spectrum shows strong bands (having maxima at
940, 908 and 883 cm'1) in the 800-1200 cm' 1 region and a sharp band at 813 cm*1
characteristic of Si-0 stretching vibrations as well as a band at 527 cm'1, assigned to the
out of plane bending vibration of Si0 4 . The bands below 500 cm' 1 characteristic of C3 S
are assigned to the in plane bending vibrations of Si0 4 . In the case of the C-S-H
spectrum, the band at 940 cm"1 shifts towards high frequency and becomes sharper. The
500 cm"1 band disappears and a new band can be observed at 460 cm'1. Moreover, the
C-S-H and C3 S spectra show bands in the 1300-1600 cm' 1 region. These bands are also
present in the CaCC>3 spectrum with high intensity and are due to antisymmetric
stretching vibration of C-O. The CaCC>3 spectrum exhibits other bands at 874 cm' 1 (out
of plane bending of C-O) and 712 cm"1 ( angular bending of O-C-O) as well as two
bands at 1795 and 2512 cm' 1 which are probably overtone and a combination bands
respectively.
Our infrared spectrum is very similar to the DRIFTS spectrum of calcium
*
silicate hydrate (C-S-H) even if no water band can be observed. The bands
* m in e ra lo g ic a l n o ta tio n u sed in c e m e n t c h em istry . C = C aO , S = S i 0 2 and H = H 20 .
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characteristic of CaCC>3 are also present, with the exception of the overtone and
combination bands.
In the literature, the Raman spectrum of C-S-H shows two broad bands not well
separated at about 650 cm'1 and a carbonation band at 1090 cm'1when exposed to the
19 20 22

air ’ ’ . Indeed, CO2 can react with calcium silicate or calcium silicate hydrate
resulting in carbonation. In fact, one part of the calcium silicate or calcium hydrate
probably adsorbed the CO2 from the air. It should also be noted that the bands
associated with C-S-H are weak due to the poor crystallinity of C-S-H and therefore
quartz and CaC0 3 analysed from the yellow outer layer may also come from impurities.
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Figure 5.14: Raman spectra of particles from the yellow outer layer. (1) yellow particle, red
laser, X 50 objective, Ttot« 1.5 min; (2) transparent particle of 10 pm size, red laser, X 100
objective, Ttot» 6.7 min.
Baseline correction applied on spectra (1) and (2), smoothing function (Savitsky Golay, degree
2, 13 points) applied on spectrum (1).

93

.6—
1

452

969

.4-

1003
603
630
.2-

1066
1453

534

835
1483
875

669

400

600

800

1200

1000

1400

1600

1800

Wavenumbers (cm-1)

Figure 5.15: Infrared spectrum, from the Golden Gate (ATR unit) of calcium silicate,
resolution=4 cm’1, t=128 s.
Second layer. Material containing asbestos.
On the cellulose filter, a large amount of individual as well as bundles of fibres
could be observed with the optical microscope. The Raman spectra of individual fibres
as small as 2.5 pm in diameter and bundles of fibres of 44 pm in diameter were
collected using the X 100 and X 50 objective respectively (figure 5.16). These fibres are
identified without any ambiguity as asbestos fibres more specifically amosite fibres, in
accordance with the amosite reference spectrum . Indeed, they both, show the
characteristic features from amosite which are the strong band at 660 cm'1
corresponding to the Si bridging -O-Si stretching vibration as well as other bands at
1020 and 528 cm'1.
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Figure 5.16: Raman spectra of unknown fibres from the grey inner layer in comparison with
amosite reference. (1) fibre of 2.5 pm of diameter, red laser, X 100 objective, Ttot« 20.2 min;
(2) fibres bundle of 44 pm of diameter, red laser, X 50 objective, Ttot» 4.5 min; (3) amosite
reference.
Cellulose filter subtraction, applied on spectra (1) and (2), smoothing function (Savitsky Golay,
degree 2, 9 points) applied on spectrum (1).
It should be noted that the spectrum of the bundle of fibres using the X 50
objective is a very high quality spectrum. The acquisition time was not veiy long. In
fact, such quality can be explained by:
-firstly, the number of scattered photons, which is collected, is greater using the X 50
objective than the X 100.
- secondly, the number of scattered photons, which is produced from a large sample is
greater than from a very small (few micrometers) sample.
- thirdly, the amount of other materials considered to be "impurities", on the fibres may
be small.
Indeed, the bands are very well resolved and those, having a weak intensity, are still
observed.

Spectra of particles associated with the material containing asbestos were also
collected (figure 5.17), using the X 50 objective since their size is larger than 5 pm.
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Calcium carbonate (spectrum (1) figure 5.17) was again identified.
Gypsum (CaSC>4 2 H2 O) (spectrum (2), figure 5.17) was found showing a Raman
spectrum with a very strong band at 1006 cm' 1 characteristic of the symmetric stretching
vibration of SO4 2' as well as other medium intensity bands at 1133, 670, 616, 494 and
412 cm

. Indeed, gypsum is very common in insulation materials containing asbestos.
Phosphate, probably hydroxyapatite (Cas0 H(P0 4 )3 ) (spectrum (3), figure 5.17)

was also present, since the Raman spectrum shows a strong band at 962 cm' 1
24 25

characteristic of the symmetric stretching vibration of the phosphate group ’ .
Finally, aluminium nitride (spectrum (4) figure 5.17) was identified, since the
spectrum of the hot pressed compound exhibits strong bands at 659, 614 and 911 cm'126.
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Figure 5.17: Raman spectra of unknown particles from the grey inner layer. (1) brown particle,
red laser, X 20 objective, Ttot» 27 s; (2) transparent particle of 7 pm size, red laser, X 50
objective, Ttot« 32 s; (3) transparent particle of 16 pm size, red laser, X 50 objective, Ttot« 97 s;
(4) transparent particle of 80x40 pm size, red laser, X 50 objective, Ttot« 5.4 min.
Cellulose filter subtraction applied on spectra (1) to (4).
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5.5.5. Other unknown fibres on cellulose filters identified as amosite.
5.5.3.1. Materials and methods.
Other samples on cellulose filters from asbestos containing materials were
provided by the Health and Safety Laboratory. In this case, the fibres were collected on
filters from bulk samples using a rotating drum.
The red laser was focused on individual fibres using the X 50 objective.

5.5.3.2. Results.
The spectra of unknown fibres as small as 1.5 and 1 pm show the bands
characteristic of amosite at 660, 1020 and 530 cm'1 (figure 5.18).
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F ig u re 5.1 8 : R a m a n s p e c tra o f u n k n o w n fib res in c o m p ariso n w ith am o site re fe re n ce . (1 ) fib re
o f 1.5 p m o f d iam eter, re d laser, X 100 o b je ctiv e , T tot ~ 65.2 m in; (2) fib re o f 1 p m o f d iam ete r,
red laser, X 100 o b je c tiv e , T tot « 4 4 .9 m in; (3 ) a m o site referen ce.
C e llu lo se filte r su b tra c tio n , b a se lin e c o rre c tio n ap p lie d o n sp e c tra (1) a n d (2), sm o o th in g
fu n c tio n (S a v itsk y G o lay , d eg ree 2 , 1 1 an d 9 p o in ts) a p p lie d on sp ec tra (1) an d (2).

5.5.4. Old Lucas Building. Birmingham.
5.5.4.1. Materials and methods.
This building possessed a variety of asbestos containing materials which were
removed before demolition. The sample on cellulose filter from air monitoring
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measurements was provided by the Health and Safety Laboratory. It came from airborne
dust sampled near "Limpet" sprayed asbestos on steel posts. The laser was focused on
individual fibres using the 633 nm excitation and X 100 objective.

5.5.4.2, Results.
The Raman spectrum of a fibre as small as 1-1.5 pm, clearly shows strong bands
at 970, 575, 540 and 375 cm*1as well as other medium bands at 665, 890 and 1085 cm'1
(figure 5.19). These bands are unambiguously attributed to crocidolite spectrum.
Crocidolite are probably the easiest asbestos fibres to identify due to a spectrum
exhibiting a large number of intense bands.
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Figure 5.19: Raman spectrum of a unknown fibre in comparison with crocidolite reference.
(1) fibre of 1-1.5 pm of diameter, red laser, X 100 objective, Ttot» 19.6 min; (2) crocidolite
reference.
Cellulose filter subtraction, baseline correction and smoothing function (Savitsky Golay, degree
2, 11 points) applied on spectrum (1).
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5.5.5. Asbestos containing materials from a building in Bristol.
5.5.5.1. Materials and methods.
An insulation material containing asbestos from a building in Bristol was
provided by Asbestostrip Innovations for Raman analysis. The fibres and particles were
placed on a cellulose filter by breaking and splitting up small amount of materials with
tweezers on top of a filter connected with a weak pump. A near infrared laser was
focused on individual fibres using the X 100 objective.

5.5.5.2. Results.
The spectra of unknown fibres having a diameter of 1.5 and 4 pm show strong
bands at 690 cm-1 assigned to the Si bridging-O-Si stretching vibration and at 390 cm'1
corresponding to a metal-oxygen vibration (figure 5.20). These bands are characteristic
of chrysotile spectra. Weaker bands are also observed in the spectrum of the fibre
having the largest diameter. A band at 1120 cm'1, probably from the matrix of the
material, can be observed.
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Figure 5.20: Raman spectra of unknown fibres in comparison with chrysotile reference. (1)
fibre of 4 pm of diameter, near infrared laser, X 100 objective, Ttot » 35.9 min; (2) fibre of 1.5
pm of diameter, near infrared laser, X 100 objective, Ttot« 44.9 min; (3) chrysotile reference.
Cellulose filter subtraction, baseline correction applied on spectra (1) and (2), smoothing
function (Savitsky Golay, degree 2, 11 points) applied on spectrum (2).
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5.5.6. Asbestos fibres associated with African clay crafts manufacture.
5.5.6.1. Materials and methods.
A whitish light fibrous material, suspected of being asbestos, is used in pot
making by local crafts people in and around a village in Botswana. This fibrous material
is removed from the ground, pounded in a mortar and then winnowed. The material is
then mixed with a reddish brown loamy soil and worked in by hand to produce a clay
like material, which is formed into pots, dried and fired. The finished pots are sold to
tourists. These processes are carried out in the open, in an area also used for domestic
cooking, with children playing close by. No precautions are taken to avoid breathing in
the fibres, apart from occasionally covering the nose and mouth with a headsquare.

The fibrous material was analysed by polarised light microscopy (PLM),
scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX) and
infrared and Raman microspectroscopy.
For PLM analysis, the fibres were placed on a glass slide, immersed in a liquid
of known refractive index (1.605) and covered with a glass slip.
For SEM analysis, the fibres were mounted on stubs with double-sided adhesive
tape and coated with gold. They were examined using a Leica S430 SEM, 10 Kv
accelerating voltage and 10 picoamps probe current.
The EDX analysis was carried out on uncoated fibres at 20 Kv accelerating
voltage and 600 picoamps probe current.
For infrared analysis, a small bundle of fibres was crushed between diamond
windows in a compression cell. The spectrum was obtained using a Nicolet 5 DXC
FTIR spectrometer coupled with a Spectra-Tech IR PLAN research grade microscope in
transmission mode. The area of interest was defined using "redundant apertures" above
and below the sample.
For Raman analysis, the white fibrous material was placed on a cellulose filter
using a pump. A X 100 and X 50 objectives were used to collect the Raman spectra of
individual and bundles of fibres. The Raman spectra were recorded with a 632.8 nm
excitation laser.

5.5.6.2. Results.
The analysis by polarised light microscopy showed that the white fibre bundles
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are either tremolite or anthophyllite asbestos. In mass, the white colour suggests that the
fibres are tremolite because South African commercially mined anthophyllite is
yellowish in colour and slightly pleochroic when viewed under polarised light.
The infrared spectrum showed intense absorption bands at approximately 1100
cm'1and 800 cm'1and is indicative of Si-0 stretching modes.
The SEM micrograph showed straight fibres and the EDX analysis suggested
that the fibres were either fibrous actinolite or fibrous tremolite.
The Raman spectra collected on an individual fibre of 2 pm in diameter and on a
bundle of fibres (figure 5.21) show an intense band at 672 cm'1 (corresponding to the Si
bridging-O-Si stretching mode) and less intense bands at 1057,1027, 928, 410, 391, and
368 cm'1. These are characteristic of asbestos tremolite fibres. However, the spectrum of
actinolite reported in the literature is very similar to the spectrum of tremolite6.
Nevertheless, from Raman and PLM analysis, the white fibrous material is identify
unambiguously as tremolite fibres.
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Figure 5.21: Raman spectra of unknown fibres in comparison with tremolite reference. (1)
bundle of fibres, red laser, X 50 objective, T,ot« 8.8 min; (2) fibre of 2.5 pm of diameter, red
laser, X 100 objective, Ttot« 20 min; (3) tremolite reference.
Cellulose filter subtraction, baseline correction applied on spectra (1) and (2), smoothing
function (Savitsky Golay, degree 2, 9 points) applied on spectrum (2).
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5.5.7. Other minerals on cellulose filters.
5.5.7./. Materials and method
Since other minerals or inorganic compounds are associated with asbestos in
insulation materials, not only fibres but also particles are going to be present on
cellulose filters. These particles can have sizes in the 5-100 pm range. A red laser was
focused on different particles using the X 50 or X 100 objective. The accumulation time
was much shorter than in the case of asbestos. In some cases, the laser power was
reduced using an attenuation filter in order to avoid the thermal degradation of the
particles.

5.5.7.2. Results.
Sulphate and carbonate are common particles associated with insulation
materials and were successfully identified previously (figure 5.17). Other inorganic
particles a few pm in size (on cellulose filters) such as oxides, are also easily identify
using Raman microspectroscopy since their spectra display sharp distinctive bands
(figure 5.22)27’28.
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F ig u re 5.22: R a m a n sp e c tra o f u n k n o w n p a rtic les. (1 ) red p artic le o f 7x5 p m size, re d laser:
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25 % a tte n u a tio n , X 50 o b jectiv e, T tot« 42 s; (4) y e llo w p a rticle o f 5 pm size, red laser: 25
a tte n u a tio n , X 100 o b je c tiv e , T tot« 170 s; (5) w h ite p artic le o f 4 p m size, red laser, X 100
o b je c tiv e , T ,ot« 3 3 6 s.
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5.6. Raman spectra o f coal and diesel particles.
5.6.1. Introduction.
In coal mines, the use of diesel oil powered equipment produces diesel exhaust
particles. Coal and diesel are, both, carbonaceous material. However, diesel particles are
suspected to be carcinogenic. It is therefore necessary to monitor the concentration of
diesel particles in coal mines. But, a technique such as scanning electron microscopy
coupled with EDX is not able to distinguish diesel particles from coal particles.

Diesel oil exhaust is chemically complex and contains hundred of different
particles. However, its main component is diesel particulate matter (DPM) which is
composed of organic and elemental carbon, adsorbed and condensed hydrocarbon and
29

sulphate . Polycyclic aromatic hydrocarbons (PAHs) are associated with DPM and are
also suspected to have a role in cancer initiation. However, they are present in low
concentration and are not unique to diesel exhaust. DPM are formed during combustion
and diesel exhaust particles are very small between 0.001 and 0.08 pm. These particles
accumulate by condensation or coagulation to form particle of 0.2 pm in diameter with
90 % of the particles less than 1.0 pm in size29. In contrast, coal particles have size
typically greater than 1 pm in diameter.

At present, two methods are used to determine the concentration of diesel
29

exhaust particles in coal mines . The first method is gravimetric analysis, which is
based on size selection and determines the mass concentration for different size
fractions. The other method, the elemental carbon analysis, is more sensitive and is a
temperature based thermal optical method. It measures only the concentration of
elemental carbon which is 40 to 60 % of DPM mass.

Scientists are looking for a more sensitive and reliable method. Since Raman
spectroscopy is an easy tool to characterise the structure of carbon such as graphite,
30

diamond and amorphous carbon , it was used to analyse coal and diesel particles. This
study was focused on the carbon spectra.

5.6.2. Materials and methods.
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Pure coal particles were deposited on quartz filters in the laboratory conditions
while diesel particles were directly collected from a car also on a quartz filter. The
spectra were obtained using the X 50 objective and the 633 nm excitation. The power of
the laser was attenuated down to 10 % in order to avoid the degradation by heat of the
particles. Therefore, the laser power at the sample was about 0.5 mW. The spectra were
collected from particles having a size distribution between 10 and 45 pm.
5.6.3. Results.
The carbon spectra from coal and diesel particles were analysed and compared.
The spectrum of the filter gives weak bands only at low frequency which does not
interfere with the carbon spectra. Therefore, it was not necessary to subtract the filter
from the original spectra.
A baseline correction using a polynomial function was applied on coal and diesel
spectra before curve fitting in the 800-2100 cm'1region (figure 5.23a and 5.23d)31’34.
Four Lorentzian bands were introduced, two bands related to carbon, a shoulder at about
1200 cm'1and a band at about 1505 cm'1 necessary to obtain a good fit.
The Raman spectra of diesel and coal particles are similar to the Raman spectra
of some types of disordered carbon (figure 5.23c and 5.23.d). They show a narrow band
at about 1595 cm'1and a broad band at about 1340 cm'1. The band at 1595 cm'1is
related to the 1580 cm'1band of graphite, called G band, which is attributed to C-C in
plane stretching vibration. With the increase of disorder in ciystalline graphite, the 1580
cm'1band broadens and moves to higher frequency and a new band appears at 1350
cm'1. The band at 1340 cm'1 is related to the band at 1350 cm'1band, called D band,
which is attributed to defects present in structural units and disorder. This band is
induced by structural defects. Moreover, the relative intensity of the D to G bands is
correlated with a structural correlation length (La) which corresponds to the size of wellordered domains (i.e. the crystallite size).
The position and width at half peak height of the G and D bands were measured
for ten particles of coal and diesel particles (figure 5.24.a to 5.25.d). The ratio of the
intensity of the 1340 cm'1band to the intensity of the 1595 cm'1band was also studied
(figure 5.25).
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for ten different coal and diesel particles.
107

The G band at 1595 cm'1appears to be relatively constant. Indeed, the difference
in band position and width at half height between coal and diesel particles is relatively
small, 2 cm'1and 4 cm*1respectively. These differences are more significant in the case
of the D band at 1340 cm'1 (18 cm'1 and 25 cm'1respectively). This is due to the
introduction of a shoulder band at 1235 cm'1which seems to be more important and
occurs at higher frequency in the coal than diesel spectra. The D and G bands follow the
same general tendency which are a higher frequency and a lower half width for coal than
diesel bands. The intensity ratio of the D to the G band for coal and diesel is
significantly different with mean values of 0.87 ± 0.05 and 1.30 ± 0.05 respectively.
This intensity ratio difference between DPM and coal particles was previously observed
35

by L.Suhartono et al .

We know, that the relative intensity of D to G bands varies as the inverse of the
crystallite size and the Raman bands broaden as the size of well ordered domains
decreases. Therefore, the carbon from diesel exhaust particles seem to show more
disorder in the structure than coal particles which probably have larger crystallite size.
Another marker for disorder is the increase in frequency of the G band. However, in our
case, the frequency difference between coal and diesel is rather small and might not be
significant enough to discriminate the particles.

There is a difference in the carbon Raman spectra of diesel and coal particles,
especially from the intensity ratio of the D to G bands. The carbon structure of diesel
exhaust particles seem to be more disordered than coal particles. The next step would be
to investigate samples from different sources as well as mixed coal/diesel samples.
5.7. Gunshot residues.
5.7.1. Introduction.
In criminal cases, the identification of the gun and ammunition is very important.
The investigation of the particles, left on the victim and weapon, after the gunshot gives
information about the distance and direction of the shooting as well as the distribution
of the gunshot residues. Such particles are usually identified by X-ray fluorescence
(XRF), optical emission spectroscopy (OES), atomic absorption spectroscopy (AAS),
neutron activation analysis and scanning electron microscopy (SEM) coupled with
108
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energy disperse X-ray analysis (EDX) . These techniques allow the determination of
the shooting distance. The distribution of gunshot residues can be performed using
37

Zeeman atomic absorption spectroscopy (DZ-AAS) . These are, however, elemental
techniques and do not give any information about the associated (molecular) anions
present.

The ammunition is a cartridge which basically consists of the bullet, the case, the
propellants and the primer. The primer is a mixture of explosives used to ignite the
propellants. The propellants, which are in general compounds such as nitro-glycerine or
nitro-cellulose, combust and produce a gas with high pressure. This high pressure drives
the bullet out of the barrel. When a gun is fired, a complex cloud of chemicals leaves the
barrel. These compounds comprise incompletely burned propellant particles, metallic
components of the bullet and characteristic particles of elements originating from the
primer, the bullet, the propellant and the propellant additives.

The gunshot residues have sizes from about 1 to more than 100 pm. The
objective is the identification of particles of gunshot residues from firings on paper
substrates in order to deduce the oxidation state(s) of the species involved and provide
further information on the nature of the anions present.

5.7.2. Materials and Methods.
The gunshot residues came from a Heckler & Koch pistol of 9 mm calibre along
with GECO ammunition (Luger, calibre 9 mm). The firing distances on paper substrates
were 10, 20 or 30 centimetres. The main primer components, for the gunshot examined
in this work, are: CeHsNsOPb, Ba(NC>3 ) 2 and Sb2 S3 . During the firing process, the
temperature reaches 2000°C-4000°C and the following compounds may be expected in
the gunshot residues: BaO, PbO or Pb02, Sb2 0 3 or Sb2 0 4 . Compounds of the metals
which comprise the bullet and barrel of the gun such as copper, zinc, iron and
aluminium may be also expected.
The paper substrates, holding the gunshot residues, were cut into small strips in
order to allow the radial distribution from the centre to be measured (figure 5.26). The
strips were flattened before analysis and placed on quartz slides.
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The reference materials were obtained from Aldrich (PbO, 99%) and from stocks
held in the Materials Research Institute or division o f chemistry at Sheffield Hallam
University (BaCCh and BaS 0 4 ).

The Raman instrument was set up with a slit open to 50 pm and a CCD area of
15 x 576 pixels. The Raman spectra were recorded with a 632.8 nm excitation laser. X
100 and X 50 objectives were used to collect the Raman spectra o f individual particles.

Schema of the 3
regions

Figure 5.26: (1) Particles deposited by gunshot onto paper; (2) paper strip.
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5.7.3. Results.
The Raman bands from the paper substrate in the spectra of gunshot residues
were weak and easily removed by spectral subtraction. The Raman spectrum of the
paper substrate alone is given in figure 5.27.
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Figure 5.27: Raman spectrum of paper substrate, red laser.
Many particles found among the gunshot residues were composed of carbon
(figure 5.28). The spectrum, in figure 5.28, shows a first order band at 1575 cm'1 and
second order bands (from 2350 to 3350 cm'1) characteristic of pure carbon graphite as
i

38

well as a band at 1366 cm' due to the introduction of disorder in graphite . It probably
comes from organic materials combusted at high temperature.
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Figure 5.28: Raman spectrum of a particle of 8 pm size, red laser, X 100 objective, Ttot» 22.7
min.
The particles were analysed in three regions called 1, 2 and 3 (figure 5.26). All
particles under study, had sizes between 5 and 15 pm and tended to have a blackish
colour but often with a white centre. We have examined the Raman spectra of particles
found in regions 1, 2 and 3 of the paper sample. A spectrum of the particles found in
region 1, compared with the spectrum of the barium carbonate reference material, is
39

1

given in figure 5.29 . It shows bands at 1055 and 689 cm' characteristic of the
symmetric stretching and in plane bending vibrations of the C0 3 2' ion. It is clear that the
barium carbonate anion is the most commonly observed material in this region. The
carbonate is probably formed from BaO in the air either during, or after, the gunshot.

112

10.55

689

R
S
§
1

1
300

1
500

1

1

1

700

1
900

1

1
1100

1

1

1

1300

1500

Delta wavenumbers (cm-1)

Figure 5.29: Raman spectrum of a unknown particle, from region 1, in comparison with BaCC>3 .
(1) particle of 5 pm size, red laser, X 50 objective, Ttot« 10.5 min; (2) BaC03 reference.
Cellulose filter subtraction applied on spectrum (1).
The spectra from particles in region 2 (figure 5.30) exhibits two bands at about
1
1
2 •
1060 cm and 980 cm' arising from the symmetric stretching vibration of the CO3 ' ion
and the stretching vibration of the SO4 2' group respectively. It is clear that, in this
region particles containing the carbonate anion and the sulphate anion ( figure 5.31),
probably lead sulphate (see table 5.3), may be observed40,41. But it is also clear that the
particles comprise mixtures of such materials. For example, oxides of lead are probably
present, but this cannot be confirmed, because of the extreme breadth of the bands
below 600 cm' 1 in many of the spectra. The broad feature extending from 700 cm*1 to
350 cm' 1 in many of the spectra from regions 2 (figure 5.30) and 3 (figure 5.32) is most
likely to be associated with mixed iron oxides, even though it is not totally clear from
whence the elemental iron arises42,43.
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PbS04 [5]

PbO orthorhombic

BaC0 3

BaS04

v / cm'1

v / cm'1

v / cm*1

1060 (s)

1142 (w)

1158 (w)

340 (s)

690 (m)

987 (s)

1065 (w)

291 (m)

645 (w)

981 (s)

616 (w)

443 (m)

461 (m)

454 (m)

452 (m)

608 (w)

v / cm'1

644 (w)
T a b le 5.3: W a v e n u m b e rs ( v ) an d in ten sities o f R a m an b a n d s o f som e in o rg a n ic ions, (s:
stro n g , m : m ed iu m , w : w eak )
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F ig u re 5.30: R a m a n sp e c tra o f u n k n o w n p a rticle s from reg io n 2. (1 ) p a rtic le o f 8 p m size, red
laser, X 50 o b je c tiv e , T tot « 1 0 .5 m in; (2 ) p a rtic le o f 15 p m o f size, red laser, X 100 o b jec tiv e ,
T tot ~ 1-7 m in; (3 ) p a rtic le o f 5 p m size, re d laser, X 100 o b jec tiv e, T tot « 1 9 m in;
C e llu lo se filte r su b tra c tio n a p p lie d on sp e c tra (1) to (3).
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Figure 5.31: Raman spectra of a unknown particle from region 2 (1) in comparison with
BaS04(2) - Cellulose filter subtraction applied on spectrum (1).
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Figure 5.32: Raman spectra of unknown particles from region 3.(1) particle of 6 pm size, red
laser, X 50 objective, Ttot »2.1 min; (2) particle of 5 pm of size, red laser, X 50 objective,
Ttot« 10.5 min; (3) particle of 4 pm size, red laser, X 50 objective, Ttot« 21.1 min;
Cellulose filter subtraction applied on spectra (1) to (3).
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A number of particles in region 3 of the substrate also show definitive evidence
for the presence of orthorhombic lead oxides

44

(figure 5.33) as well as carbonate and

sulphate anions. Indeed almost all the particles in regions 2 and 3 of the substrate
contain multiple components.

379
a
6
K
a
1

300

500

700

900

1100

1300

1500

Delta wavenumbers (cm-1)

Figure 5.33: Raman spectrum of a unknown particle, from region 3, in comparison with
orthorhombic PbO. (1) particle of 4 pm size, red laser, X 50 objective, Ttot» 2.1 min;
(2) orthorhombic PbO reference.
Cellulose filter subtraction applied on spectrum (1).
These results are consistent with the SEM/EDX spectra obtained for the same
particles at the Bundeskriminalamt in Wiesbaden, Germany. The principal conclusion of
that study was the gunshot residues consist of elemental lead, barium, antimony and
possibly with some particles containing a little copper (not detected here). It was
suggested using EDX that antimony appears only in combination with barium and/or
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lead and that the concentration is very small . This explains why we are unable to
confirm the presence of antimony oxides in the presence of barium carbonate, lead
sulphate and lead oxide. One interesting feature of the Raman data is that it is clear that
many of the gunshot residues contain material which is microcrystalline. The spectra
thus show definite evidence of one particular crystal structure (for example,
orthorhombic PbO) and stoichiometry. This leads to potentially richer Raman spectra
with more opportunities for the detection of a particular crystal lattice.
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The particles identified by Raman microspectroscopy consist mainly of carbon
particles, BaCC>3 especially in region 1, mixtures of compounds such as: BaCCb, PbS0 4 ,
PbO and iron oxides, in regions 2 and 3, PbO alone in region 3. The broad band from
700 to 350 cm'1 in many of the spectra has been attributed to mixed iron or
iron/chromium oxides.

5.8. Conclusion.
Five asbestos reference standards (amosite, fibrous anthophyllite, chiysotile,
crocidolite and fibrous tremolite) and some of their non-fibrous analogues (grunerite,
lizardite, riebeckite and tremolite) were analysed by Raman spectroscopy. The spectra
are significantly different and possess their own features in such a way it is possible to
discriminate one type of asbestos from another as in infrared spectroscopy. The Raman
spectra of asbestos fibres and their non-fibrous form were also compared. It is difficult
to find any important differences except for some cases in the OH stretching region such
as amosite and crocidolite.
A more extensive study on tremolite fibrous and tremolite was performed and
showed differences in the band widths and positions of the 670 and 390 cm'1bands.
These changes may be explained by a difference in the number of defects or in the local
laser heat.

An important conclusion is that, Raman microspectroscopy is a powerful
technique for the direct identification of pure inorganic fibres on cellulose filters
especially asbestos fibres as small as 1 pm in diameter. The technique also allows the
identification of unknown fibres, on cellulose filters, from real "industrial" samples such
as waste asbestos samples from buildings ceilings, walls or pipe insulation. Moreover,
other inorganic particles on cellulose filters can be identified very easily.

Raman microscopy was also used to discriminate coal and diesel particles. It was
found that, the most significant feature is the difference in the intensity ratio of the D to
G bands in the carbon Raman spectra of diesel and coal particles. This difference is
probably due to a more disordered carbon structure in the case of diesel particles than of
coal.
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Another field of interest, concerning the discrimination of pm size particles, was
the investigation of gunshot residues. The particles identified by Raman
microspectroscopy consist mainly of carbon particles, BaC0 3 , mixtures of compounds
such as: BaC0 3 , PbSC>4 , PbO and iron oxides as well as PbO alone. The broad band
from 700 to 350 cm'1 in many of the spectra was attributed to mixed iron or
iron/chromium oxides.
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CHAPTER 6

ESTABLISHMENT OF A RAMAN METHOD FOR THE
INVESTIGATION OF THE WETTING PROCESS ON
INORGANIC FIBRES AND OTHER MATERIALS
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6. Establishment o f a Raman methodfor the investigation o f the wetting process on
inorganic fibres and other materials.
6.L Introduction.
Today, asbestos containing materials in public buildings, chemical industries and
schools represent a potential health hazard and are being progressively removed. But,
the hazards increase during this process as the materials are disturbed. It has been found
that, the spraying and injection of wetting or encapsulating agents inside the materials
considerably reduce the concentration of fibres released in the atmosphere. Wetting and
encapsulating agents and systems of injection were therefore developed in order to
reduce the risks associated with asbestos removal or comply with the HSE regulations.

Wetting and encapsulating agents are generally developed from ‘hands on’
experience rather than from the study of the chemistry and properties of asbestos
containing materials. They need to be efficient and non-toxic, but also cheap. The
cheapest one is probably water which proved to be as good as other wetting agent but
non applicable due to its fast rate of evaporation. However, a lot of agents are water
based products. Two types of wetting agent are often found on the market for the use at
ambient and high temperatures (such as insulation on very hot pipes and boilers).

Basic laboratory experiments were performed in order to establish a Raman
method for the coverage measurements of wetting and encapsulating agents on fibres
and particles. We were interested to find out the possibilities of Raman
microspectroscopy in the determination of the amount and distribution of wetting and
encapsulating agents on individual fibres. Indeed, Raman microspectroscopy was shown
to be a very powerful technique for the identification of pm size fibres with little or no
sample preparation. Hazardous fibres such as asbestos were successfully analysed on
cellulose filters. In this chapter, the fibres and particles were also transferred, after
wetting, on such filters for Raman analysis or in some cases directly wetted and
analysed on the filters. The subtraction process of cellulose filter was applied on all
asbestos spectra in this chapter. The spectra were collected using the red laser with the
X 50 and X 100 objective which give an illuminated spot of about 4 and 1-2 pm
respectively.
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Inorganic fibres such as asbestos and man-made mineral fibres as well as
calcium silicate (a material very often found in the composition of insulation containing
asbestos) were the main materials under investigation. The two principal modes of
wetting were the spraying with an aerosol spray gun and the capillary action. Three
commercial agents were studied in this project: astrip and hotstrip provided by
Asbestostrip Innovations and penetrant n°l from Eppert Europe Limited. The full details
of the agents are given in chapter 3.
Penetrant n°l is a white solution or emulsion in water of unknown composition.
It is an encapsulating agent. The infrared and Raman spectra display bands
characteristics of n-alkanes and C-Cl stretching vibrations.
Astrip, designed by B.P Chemicals, is a clear wetting agent mainly made of
polyalkylene glycol (50 % in weight) and water (39.7% in weight).
Hotstrip is a clear wetting agent made of pure polydimethylsiloxane (PDMS),
used in high temperature conditions.
Silicone emulsions in water were also investigated containing 60 % of silicone
for 40 % of water by weight. The idea was to produce a better quality product than
Astrip and be able to use these emulsions to wet dense asbestos containing materials,
such as those with high levels of calcium silicate.

All spectra shown in this chapter were also collected using the continuous
extended scanning technique. The total exposure time was then calculated from the
formula1 : Ttot ~ (1 + total scan range / average static window length) x Tex; with Tex, the
exposure time.

6.2. Reference asbestos fibres.
6.2.1. Spraying o f commercial wetting agents on asbestos fibres attached to cellulose
filters.
6.2.1.1. Penetrant n°l.
6.2.L1.1. Materials and methods.
Amosite and crocidolite reference fibres attached to cellulose filter were wetted
with penetrant n°l using an aerosol spray gun. Three sprays (one failure, two successful)
were applied on amosite fibres at a distance of 20-30 cm and two (one failure, one
successful) on crocidolite fibres. The Raman spectra were collected along the fibres
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using the X 100 and X 50 objectives. The instrument was set up in microprobe mode
using a slit width of 50 pm and a CCD area of 15 x 576 pixels.

6.2.L1.2. Results.
The aerosol spray gun creates small homogeneous drops of about 5 pm.

•Amosite
The spraying of the encapsulating agent from the aerosol spray gun created small
drops which took the shape of the fibres. These drops along the fibres were clearly
observed under the optical microscope (figures 6.1.a to 6.1.c).
The Raman spectra collected along a fibre having a diameter of 2.5 pm show
bands from amosite as well as bands from the encapsulating agent (figure 6.2).
Moreover, the relative area of penetrant n°l compared to amosite bands varies. This
variation is indicative of a difference in the amount of encapsulating agent on the
surface of the fibres. This amount is generally maximum on drops which are observed
on the micrographs. On the other hand, some spectra exhibit only bands from the
amosite characteristic of uncovered areas on the fibres. In fact, different level of
coverage and areas without encapsulating agent were found and semi quantified. The
quantification is based on area ratio of the encapsulating agent to the amosite bands.
However, the amosite bands interfere with the wetting agent bands in some part of the
wet asbestos spectra. The curve fitting method was applied in order to separate the
bands into individual components. Two regions were fitted using Lorentzian bands
(figure 6.3):
- the 560-720 cm'1region, introducing one band for amosite and four bands for the
encapsulating agent.
- the 1390-1510 cm'1region, introducing two bands for the encapsulating agent.

Two graphs were then plotted (figure 6.4):
- the ratio of the area of the encapsulating agent bands at 560-720 to the amosite band at
660 cm'1against distance along the fibre.
- the ratio of the area of the encapsulating agent bands at 1390-1510 to the amosite band
at 660 cm'1against distance along the fibre.
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F ig u re 6.2: R a m a n sp e c tra c o llected a lo n g a w e t am o site fib re in co m p ariso n w ith a m o site an d
p e n e tra n t n ° l . (1 ) to (1 1 ) w e t am o site fib re o f 2.5 urn o f d ia m e te r ( p o sitio n s 1 to 11 sh o w n in
fig u re s 6 .1 .a to 6 .1 .c), red laser, X 100 o b jec tiv e, T tot« 14.8 m in; (1 2 ) am o site re fe re n c e ;
(1 3 ) p e n e tra n t n ° l.
C e llu lo se filte r su b tra c tio n ap p lied o n sp e c tra (1 ) to (11).
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Figure 6.3.a.
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Figure 6.3.b.
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Figure 6.3: Curve fitting of spectrum 3, in figure 6.2, introducing Lorentzian bands from the
encapsulating agent and amosite.
Figure 6.3.a. Curve fitting in the 560-720 cm'1region; figure 6.3.b. curve fitting in the 13901510 cm'1 region.
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Figure 6.4: Plot of the relative amount of encapsulating agent along an amosite fibre (figures
6.1), calculated from area bands ratio (spectra 1 to 11 in figure 6.2).
(a), ratio of the encapsulating agent bands at 560-720 cm’1to the 660 amosite band.
(b). ratio of the encapsulating agent bands at 1390-1510 cm'1to the 660 amosite band.

The two graphs of the relative amount o f encapsulating agent along an amosite
fibre match each other confirming a good curve fitting. They also fit with the optical
micrographs. The drops on the pictures appears as points with maximum values on the
plots whereas uncoated areas with minimum or nil values. The plots show an
heterogeneous random coverage. This coverage is made o f an alternation o f coated and
uncoated areas.

*

Crocidolite.
The micrograh of a wet crocidolite fibre coated with penetrant n°l, given in

figure 6.5, do not show proper drops but patches like diffuse areas. The Raman spectra
confirmed the presence of encapsulating agent along the fibre (figure 6.6). As amosite,
the relative amount of penetrant n°l along the crocidolite fibre was measured. The curve
fitting method was also applied in order to separate the crocidolite from the
encapsulating agent bands. Three regions were fitted (figure 6.7) using Lorentzian
bands:
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- the 480-720 cm"1region, introducing four bands for crocidolite and four bands for the
encapsulating agent which include one crocidolite band.

- the 935-1010 cm"1region introducing two bands for crocidolite.
- the 1390-1510 cm '1region, introducing two bands for the encapsulating agent.

Two graphs were then plotted (figure 6.8):
- the ratio of the area of the encapsulating agent bands at 1390-1510 to the crocidolite
bands at 480-625 against distance along the fibre.
- the ratio of the area of the encapsulating agent bands at 1390-1510 to the crocidolite
bands at 935-1010 against distance along the fibre.

Figure 6.5: Micrograph of a wet crocidolite fibre on cellulose filter.
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Figure 6.6: Raman spectra collected along a wet crocidolite fibre in comparison with
crocidolite and penetrant n°l. (1) to (5) wet crocidolite fibre of 3-4 pm of diameter to 1-2 pm
when the fibre is split, ( positions 1 to 5 shown in figure 6.5), red laser, X 100 objective,
Ttot» 15.1 min; (6) crocidolite reference; (7) penetrant n°l.
Cellulose filter subtraction applied on spectra (1) to (5).
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Figure 6.7.a.
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Figure 6.7: Curve fitting of spectrum 1, in figure 6.6, introducing Lorentzian bands from the
encapsulating agent and crocidolite.
Figure 6.7.a. Curve fitting in the 480-720 cm'1 region; figure 6.7.b. curve fitting in the 935-1010
cm'1region.
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The two graphs of the relative amount of encapsulating agent along the fibre also
match each other confirming a good curve fitting. Different level of coverage was found
on crocidolite fibre but with fewer disparities than the previous amosite case since no
drops were observed.

Drops formed on crocidolite fibres were also observed under the optical
microscope.
A Raman spectrum was collected from a 9.5 x 6 pm drop surrounding a
crocidolite fibre having a diameter of 1 pm (figure 6.9). In this case, the spectrum shows
only bands from the encapsulating agent (figure 6.10). Indeed, most of the scattered
light comes from the penetrant n°l rather than the crocidolite.
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10 jam
Figure 6.9: Micrograph of a wet crocidolite fibre on cellulose filter.
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Figure 6.10: Raman spectrum collected on a wet crocidolite fibre in comparison with
crocidolite and penetrant n °l. (1) wet crocidolite fibre of 1 pm of diameter surrounded by a
drop of 9.5 x 6 pm size from the encapsulating agent (figure 6.9), red laser, X 100 objective,
Ttot « 7.5 min; (2) crocidolite reference; (3) penetrant n 1.
Cellulose filter subtraction applied on spectrum (1).
A Raman spectrum was collected from a 5 pm drop on a bundle o f crocidolite
fibres (figure 6.11). The spectrum displays not only bands from the encapsulating agent
but also from asbestos (figure 6.12). The drop probably penetrated partially inside the
bundle and took place around the individual fibres o f the bundle.
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10 jam

Figure 6.11: Micrograph of a wet crocidolite fibre on cellulose filter.
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Figure 6.12: Raman spectrum collected on a wet bundle of crocidolite fibres in comparison
with crocidolite and penetrant n°l. (1) wet bundle of crocidolite fibres with a drop of 5 pm size
on the surface (figure 6.11), red laser, X 100 objective, Ttot« 25.6 min; (2) crocidolite
reference; (3) penetrant n°l.
Cellulose filter subtraction applied on spectra (1).
It is to be noted that, som etim es, a variation in relative band intensity o f
crocidolite w as observed such as on the spectra collected from tw o distin ctiv e w et fibres
(figures 6.6 and 6.12). T herefore, the com parison o f the am ount o f encapsulating agent
on these tw o fibres becom es difficult. Indeed, tw o different evaluations can be found
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Figure 6.13: Raman spectra collected on reference crocidolite fibres (1) fibre 1, of 4 pm of
diameter, position 1 on the fibre, red laser, X 100 objective, T,ot» 22.4 min; (2) fibre 1, position
2 on the fibre, red laser, X 100 objective, Ttot« 22.4 min; (3) fibre 1, position 3 on the fibre, red
laser, X 100 objective, Ttot« 22.4 min; (4) fibre 2, of 8 pm of diameter, red laser, X 100
objective, Ttot» 22.4 min; (5) fibre 3, of 4 pm of diameter, position 1 on the fibre, red laser,
X 100 objective, Ttot« 22.4 min; (6) fibre 3, position 2 on the fibre, red laser, X 100 objective,
Ttot ~ 22.4 min; (7) fibre 4, of 7 pm of diameter, red laser, X 100 objective, Ttot« 22.4 min.
Cellulose filter subtraction and baseline correction applied on spectra (1) to (7).
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depending on the choice of the crocidolite band (1084 or 576-536 cm '1 bands) to
calculate the area ratio of the encapsulating agent to the asbestos bands. Nevertheless,
the relative amount of encapsulating agent along an individual wet fibre was
successfully assessed (figure 6.8) since in this case, no variation in the crocidolite bands
occurs as a function of the laser position on the fibre.

However, spectra collected on uncoated reference crocidolite fibres may show
sometimes a relative variation in bands intensity both from one fibre to another, and also
along the same fibre (figure 6.13). The relative intensity o f the three bands at 576, 538
and 663 cm '1are rather constant relative o f each other. The variations mainly arise from
the 1084, 967 and 576-538 cm '1 bands (figures 6.14). It is well known that crocidolite
fibres can present locally strained areas . Amphibole fibres also show chemical and
structural variations along the fibres. These differences might explain the variation in
relative band intensity, especially along an individual fibre. However, this variation may
also be due to a polarisation effect. Indeed, asbestos fibres possess different refractive
index in different direction. Therefore, the Raman bands intensity may change
depending on the orientation of the fibres related to the red laser beam which has
horizontal polarisation. The analysis of polarised Raman scattering on a single
crocidolite fibre confirms the polarisation effect.
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Figure 6.14: Height ratio of crocidolite bands for different fibres or at different positions on the
fibres, (a), ratio of 576 to 538; (b) ratio of 663 to 576; (c). ratio of 967 to 576; (d). ratio of
1084 to 576; (e). Ratio of 967 to 1084.
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A crocidolite fibre attached to cellulose filter was oriented parallel to the red
laser beam. The instrument was set up in microprobe mode and the spectra were
collected using the X 100 objective. The parallel polarisation state of Raman scattered
light was studied with the half plate and the polariser in place whereas the perpendicular
polarisation state was studied with only the polariser in place.
The intensities of the 374, 576-538, 970,1085 cm'1bands change in relation to
each other depending on the polarisation analysis (figure 6.15). The 576-538 and 1085
bands are weak in the parallel polarisation spectrum and intense in the perpendicular
polarisation spectrum. The opposite effect appears with the 970 cm'1band.
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Figure 6.15: Raman spectra collected on a reference crocidolite fibre of 2.5 pm of diameter. (1)
red laser, X 100 objective, Ttot» 21.0 min; (2) perpendicular polarisation, red laser, X 100
objective, T,ot« 21.0 min; (3) parallel polarisation, red laser, X 100 objective, Ttot» 21.0 min.
Cellulose filter subtraction and baseline correction applied on spectra (1) to (3).
6.2.1.2. Hotstrip.
6.2.I.2.I. Materials and methods.
The same experiment than previously was carried on using a different wetting
agent, hotstrip, which is pure PDMS. Amosite and crocidolite fibres attached to
cellulose filter were wetted with the aerosol spray gun. Four sprays were applied on
crocidolite and three on amosite fibres. The Raman spectra were collected using the
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X 100 objective. The instrument was set up in microprobe and confocal modes using a
slit width of 50 and 15 pm and a CDD area of 15 x 576 and 4 x 576 pixels respectively.

6.2.I.2.2. Results.
No drops nor wetting agent were observed under the optical microscope.
However, all Raman spectra collected on the fibres and cellulose filter show bands from
hotstrip which proved a complete wetting including the filter (figure 6.16). Indeed, no
uncovered area was found. Unfortunately, in microprobe mode, using the X 100
objective, the spectra of the wet asbestos fibres were not only collected from the fibres
but also from the wet filter.

The instrument was then set up in confocal mode in order to reduce the volume
of sampling area, especially in the z direction. This arrangement provides a depth
resolution of about 2 pm . Consequently, the relative volume collected from the fibres is
larger than in microprobe mode. A comparison between the confocal and microprobe
modes was investigated on wet amosite fibres having a diameter of 4 and 6 pm (figure
6.17). The same parameters were applied for all spectra and the X 100 objective was
used.
The signal to noise ratio is considerably reduced in confocal mode especially
when the fibres are small because of the resulting loss of photons.
In confocal mode, the contribution of the cellulose filter in the spectrum of a
fibre having a diameter of 4 pm is similar to the microprobe mode. The band area ratio
of cellulose filter to amosite is about 1.1 in both cases. Nevertheless, the band area ratio
of hotstrip to amosite are slightly smaller (1.4) in confocal than in microprobe (2.0)
mode. The difference between the two modes is more significant for a fibre having a
larger diameter (6 pm). Indeed, the contribution of the cellulose filter in the spectrum
and the band area ratio of hotstrip to amosite is about 0.26 and 0.75 in confocal mode,
compared with 0.73 and 1.8 in microprobe mode.

In confocal mode the signal to noise ratio is rather poor and the contribution of
cellulose filter is only reduced.
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Figure 6.16: Raman spectra collected on wet asbestos fibres and wet cellulose filter in
comparison with cellulose filter and hotstrip. (1) wet amosite fibre of 5 pm of diameter, red
laser, X 100 objective, T,ot» 21.0 min; (2) wet crocidolite fibre of 5 pm of diameter, red laser,
X 100 objective, Ttot» 42.1 min; (3) wet cellulose filter, red laser, X 50 objective, Ttot « 3.5
min; (4) cellulose filter; (5) hotstrip.
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Figure 6.17: Raman spectra collected on wet amosite fibres (using the confocal and microprobe
mode) and wet cellulose filter in comparison with cellulose filter, amosite, and hotstrip. (1) wet
amosite fibre of 4 pm of diameter, microprobe mode, red laser, X 100 objective, Ttot« 43.7
min; (2) wet amosite fibre of 4 pm of diameter, confocal mode, red laser, X 100 objective, T,ot
« 43.7 min; (3) wet amosite fibre of 6 pm of diameter, microprobe mode, red laser, X 100
objective, T,ot« 43.7 min (4) wet amosite fibre of 6 pm of diameter, confocal mode, red laser, X
100 objective, Ttot» 43.7 min; (5) wet cellulose filter, red laser, X 50 objective, Ttot « 2.7 min;
(6) cellulose filter; (7) amosite reference, (8) hotstrip.
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6.2.2. Spraying o f commercial wetting agents on free standing asbestosfibres.
6.2.2.1. Materials and methods.
Reference amosite fibres, in a bottle, were wetted with hotstrip using an aerosol
spray gun. The wet fibres were then placed on a glass slide, the fibres split up with
tweezers and transferred on a cellulose filter by pressing the filter onto the glass slide.
However, this method is hazardous and not reliable. During the spraying process, the
fibres ‘flew’ and after, it was difficult to remove them from the bottle. The Raman
spectra were collected with the X 100 and X 50 objectives. The instrument was set up in
microprobe mode.

6.2.2.2. Results.
Only very small bands from the wetting agent was observed on one Raman
spectrum (figure 6.18).
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Figure 6.18: Raman spectra collected on wet amosite fibres in comparison with hotstrip. (1) wet
amosite fibre of 2 pm of diameter, red laser, X 100 objective, Ttot« 15.3 min; (2) wet bundle of
amosite fibres of 40 pm of diameter, red laser, X 50 objective, Ttot« 2.6 min; (3) hotstrip.
Cellulose filter subtraction applied on spectra (1) and (2).
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6.2.3, Dipping o f amosite fibres in a commercial wetting agent.
6.2.3.1. Materials and method.
Reference amosite fibres were dipped in hotstrip. The wetted fibres were then
placed on a paper in order to drain the wetting agent. Two days later, the fibres were
placed on a glass slide, split up with tweezers and transferred on a cellulose filter by
pressing the filter onto the glass slide. The spectra were collected using the X 100
objective and the instrument was set in microprobe mode.

6.2.3.2. Results.
There is no evidence of wetting agent by Raman (figure 6.19).
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Figure 6.19: Raman spectra collected on wet asbestos fibres in comparison with hotstrip. (1)
wet amosite fibre of 5 pm of diameter, red laser, X 100 objective, Ttot ~ 18.1 min; (2) wet
crocidolite fibre of 5 pm of diameter, red laser, X 100 objective, Ttot« 18.1 min; (3) hotstrip.
Cellulose filter subtraction applied on spectra (1) and (2).
Hotstrip, which is pure PDMS and penetrant n°l, a water based encapsulating
agent show two totally different wetting behaviour. Indeed, when penetrant n°l was
sprayed on asbestos fibres attached to cellulose filter, different types of drops and
patches like diffuse areas were observed while no drops were formed from hotstrip on
the fibres.

142

The PDMS consists of:
- the reactive inorganic siloxane backbone associated with high surface energies.
- and the inert organic hydrocarbon having low surface energy.
This explains the very low surface tension (20mN/m) of PDMS4. Liquids, with
low surface tension, generally, easily wet most solid surfaces giving a zero contact
angle. In this case, the force of attraction between the solid and liquid is higher than
those between liquid and liquid5. One of the PDMS properties is indeed its spreading or
‘creep’ behaviour6. When sprayed on asbestos, PDMS in fact spread around the curve
shape of the fibres while the cellulose filter or the paper, which is a porous material
absorbed the liquid. On the other hand, the penetrant n°l probably possesses a high
surface tension which generally gives a finite contact angle. In this case, the cohesion
between the molecules of the liquid become the dominant forces5. Therefore, drops
were observed on asbestos giving an adhesional wetting between the fibres and the
encapsulating agent.
The fibres were only partially wetted with penetrant n°l, whereas PDMS spread
all over the filter.

6.3. Man made vitreous fibres.
6.3.1. Wetting by capillary action.
6.3.1.1. Materials and method.
Cylinders of man made mineral fibres (MMMF) and ceramic fibres were wetted
with hotstrip, by capillary action, from the bottom and top of the cylinders. The volume
of wetting agent which was used, corresponded to 40 % of the cylinder volume.
Samples of fibres taken on top of the cylinders were directly placed on cellulose filter.
The spectra were collected using the X 100 and X 50 objective. The instrument was set
up in microprobe mode.

6.3.1.2. Results.
The cylinders wetted from the bottom, do not show evidence of hotstrip by
Raman or optical microscopy (figures 6.20). The wetting agent clearly remained at the
bottom.
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Figure 6.20: Raman spectrum collected on MMMF in comparison with hotstrip. (1) MMMF of
12 pm of diameter, red laser, X 100 objective, Ttot « 56.9 min; (2) hotstrip.
Cellulose filter subtraction applied on spectrum (1).
In the case of the cylinders wetted from the top, the Raman spectra display
strong bands from the wetting agent. The micrograph of a typical wet fibre showing two
different contrasting areas is given in figure 6.21. Two spectra were collected from these
areas, showing, both, the presence of wetting agent around the fibre (figure 6.22).
Mineral fibres display broad bands in their Raman spectra making more difficult
the estimation of the relative coverage o f wetting agent along the fibres.

10 pm
Figure 6.21: Micrograph of a wet MMMF.
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Figure 6.22: Raman spectra collected on a wet MMMF in comparison with hotstrip. (1) and (2)
wet MMMF of 10 pm of diameter (position 1 and 2 shown in figure 6.21), red laser, X 50
objective, Ttot « 6.3 min; (3) hotstrip - Cellulose filter subtraction applied on spectra (1) and (2).
It is to be noted that no drops were observed on the fibres attached to cellulose
filter. On the other hand, single fibres, not very well attached to the filter, exhibit drops
around them. But, if the red laser is focused on a drop, this one moves along the fibre or
totally disappears (figure 6.23).

before laser

Figure 6.23: Micrograph of a wet MMMF before (a) and after (b) laser heating.
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The same results and conclusions were obtained for ceramic fibres.

PDMS did not penetrate the MMMF cylinders. The liquid is drained at the
bottom of the cylinder. In this case, the capillary wetting process is limited since the size
of voids between fibres are too great for the liquid to bridge.

6.4. Calcium silicate.
6.4.1. Wetting by capillary action using commercial wetting agents and emulsions.
6.4.1.L Wetting agents.
6.4.1.1.L Materials and method.
Cylinders of calcium silicate were wetted with astrip and hotstrip, by capillary
action. Astrip was diluted before used. Samples taken on top and bottom of the wet
materials were directly placed on cellulose filters. The spectra were collected using the
X 50 and X 100 objectives. The instrument was set in microprobe mode.

6.4.I.I.2. Results.
As shown in chapter 5, the calcium silicate material gives spectra characteristic
of CaC0 3 (sharp band at 1085 cm'1) and quartz (sharp band at 465 cm'1). The carbonate
bands may be due to a surface reaction of calcium silicate or hydrated calcium silicate
with CO2 from air. CaCCb and quartz may also arise from impurities. It should also be
noted that the bands associated with hydrated calcium silicate (C-S-H) are weak due to
its poor crystallinity. In fact, only one part of the material of calcium silicate or hydrated
calcium silicate probably adsorbed the CO2 from the air.

* Hotstrip.
A cylinder of calcium silicate was wetted with hotstrip from the top of the
cylinder, and then placed at 270°C in an oven. The volume of wetting agent which was
used, corresponded to 50 % of the cylinder volume. Before heating, the wetting agent
remained at the bottom but after heating, hotstrip was completely adsorbed.
There is Raman evidence of hotstrip at the top of the cylinder.
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A cylinder of calcium silicate was wetted with hotstrip from the bottom at room
temperature. The volume of wetting agent which was used, corresponded to 60 % of the
cylinder volume. After sometime, hotstrip was completely adsorbed.
A spectrum from a sample taken on top of the cylinders clearly proves the
presence and diffusion of hotstrip in all the material (figure 6.24).
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Figure 6.24: Raman spectrum collected on a wet particle in comparison with hotstrip.
(1) particle of 12 pm of diameter, red laser, X 100 objective, Ttot» 3.8 min; (2) hotstrip.
Cellulose filter subtraction and smoothing function (Savitsky Golay, degree 2,21 points)
applied on spectrum (1).
•Astrip.
Pieces of calcium silicate were wetted with astrip at different dilution from the
bottom. The volume of wetting agent which was used corresponded to 60 % of the
cylinder volume. Solutions of astrip in water at concentrations of 1 volume of astrip for
10 and 15 volumes of water were applied.

The Raman spectra of particles taken at the bottom and top of the materials
display clearly bands from the wetting agent (figure 6.25). The solution diffused into the
material up to the top. The bands in the spectra of the material wetted with the more
diluted solution are rather weak and at the limit of detection.
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Both astrip and hotstrip wetted the calcium silicate material very well.
Nevertheless, the shape of calcium silicate particles is different than that of man made
mineral fibres. The calcium silicate material is a porous solid which possesses spaces
between the particles. These spaces are arrays of capillaries through which the liquid can
penetrate and air can escape7.

6.4.1.2. Emulsions.
6.4.L2.1. Materials and method.
Pieces of calcium silicate were wetted with silicone emulsions by capillary
action from the bottom and then cut in three parts. Different volumes of emulsions at
different concentration were applied. Samples were directly placed on cellulose filter for
Raman analysis. The spectra were collected using the X 50 and X 100 objectives. The
instrument was set up in microprobe mode.

6.4.1.2.2. Results.
The volumes of silicone emulsions which were used, corresponded to 50 % and
60% of the volume of the calcium silicate material. The original silicone emulsions
contain 40 % of water in weight. Nevertheless, more diluted emulsions, from one
volume of the original emulsions for 10 to 20 volumes of water, were applied.

The visible liquid front reaching the top of the pieces was an indication of a
complete wetting.
The wetting agent was detected in the lower part of the calcium silicate
materials. The particles are mainly covered with the silicone particles only in the first
and or the beginning of the second part of the material (figure 6.26). The rest of the
material was mainly wetted with water since the spectra do not show silicone bands. The
calcium silicate material seems to act like a chromatography column which separates
water from silicone. The silicone is left at the bottom part of the material while water
diffuses up to the top.

149

300

500

700

900

1100

1300

1500

Delta wavenumbers (cm-1)

Figure 6.26: Raman spectra collected on particles from a wet cylinder in comparison with the
silicone emulsion (1/10, 50% in volume). (1) particle of 12 pm size from the first part of the
cylinder, red laser, X 50 objective, Ttot ~ 7.6 min; (2) particle of 30 pm size from the second
part of the cylinder, red laser, X 50 objective, Ttot « 7.6 min; (3) particle of 10 pm size from the
third part of the cylinder, red laser, X 50 objective, Ttot ~ 38s; (4) emulsion.
Cellulose filter subtraction and baseline correction applied on spectrum (1) to (3).
6.5. Conclusion.
Inorganic fibres such as asbestos and man made mineral fibres as well as
calcium silicate were the main materials investigated in the wetting process. The fibres
and particles were transferred, after wetting, on cellulose filters for Raman analysis or in
some cases directly wetted and analysed on the filters. The two principal modes of
wetting were the spraying with an aerosol and the capillary action.

The coverage measurements of wetting agents on fibres and particles, on a few
pm scale, was successfully achieved by Raman microspectroscopy. The amount and
distribution of wetting and encapsulating agents along individual fibres were estimated
from the area bands ratio of wetting and encapsulating agent to asbestos. These
measurements correlated very well with the micrographs of wet fibres.
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Important information on the ability of these liquids to wet or spread on
inorganic fibres and other types of materials such as calcium silicate was also obtained.
Hotstrip, which is pure PDMS and penetrant n°l, a water based encapsulating agent
show two totally different wetting abilities. Indeed, when penetrant n°l was sprayed on
asbestos fibres attached to cellulose filter, different types of drops and patches like
diffuse areas were observed while no drops were formed from hotstrip on the fibres.
When sprayed on asbestos, PDMS spread and drained around the curve shape of the
fibres while the cellulose filter or the paper, which is a porous material absorbed the
liquid. This behaviour was explained by the fact that PDMS has a low surface tension
and a very small contact angle. On the other hand, the penetrant n°l, possesses probably
a high surface tension giving a much higher contact angle. Therefore, drops were
observed on asbestos showing adhesional wetting between the fibres and the
encapsulating agent.
The fibres were only partially wetted with penetrant n°l whereas PDMS spread
all over the filter.

PDMS did not successfully wet the cylinders of man made mineral and ceramic
fibres. The liquid was drained at the bottom of the cylinder. In this case, the capillary
wetting process is limited since the size of voids between fibres are too great for the
liquid to bridge.

Astrip and hotstrip wetted both very well the calcium silicate materials. The
shape of calcium silicate particles is totally different than that of man made mineral
fibres. Indeed, the calcium silicate material is a porous solid which has spaces between
the particles. The liquid penetrated through these capillaries while air escaped.

The silicone emulsions wetted heterogeneous the calcium silicate materials
leaving the silicone at the bottom while water diffused up to the top. The silicone
emulsions were not used as a wetting agent for wet asbestos removal process.
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CHAPTER 7

RAMAN MICROSPECTROSCOPY FOR THE
INVESTIGATION OF THE WETTING PROCESS ON
ASBESTOS CONTAINING MATERIALS
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7. Raman microspectroscopy fo r the investigation o f the wetting process on asbestos
containing materials.
7.1. Introduction.
The coverage measurements of wetting agent on fibres and particles from basic
laboratory experiments were successfully achieved by Raman microspectroscopy in
chapter 6. The distribution and amount of wetting agent were estimated from the
variation of relative area of Raman bands of a given wetting agent on reference asbestos
fibres. The Raman method for the investigation of the wetting process on inorganic
fibres and other particles was applied, in this chapter, on insulation and asbestos
containing materials in order to establish a correlation between the Raman experiments
and the effectiveness of wetting agent to suppress dust.
The asbestos containing materials under investigation were:
- either directly collected from industrial removal site after wetting.
- or wetted by capillary action in laboratory conditions and then tested in a rotating drum
which estimated the concentration of fibres released during disturbance of the material.
Only hotstrip, which is pure PDMS, was used for the wetting of asbestos
containing material.
Some spectra shown in this chapter were collected using the continuous
extended scanning technique. The total exposure time was calculated from the formula1
: Ttot« (1 + total scan range / average static window length) x Tex; with Tex, the exposure
time. Other spectra were collected using the static scanning technique where the
acquisition time (Taq) corresponded to the total exposure time.
7.2. Asbestos site removal.
7.2.1. Materials and method.
The wetting and removal process was carried out in Middlesborough for a
chemical company by Asbestostrip Innovations. Two meters of an asbestos lagging on a
pipe at high temperature was wetted with hotstrip, before removal, in order to prevent
the release of fibres. The 12 inch pipe reached a temperature of 270°C. The 4 inch thick
lagging was mainly composed of calcium silicate and asbestos. The wetting agent was
directly injected inside the lagging, at a rate of 70-80 ml/min from each needles, using a
needle system (2 sets of 15 needles) placed as shown in figure 7.1. 18 litres of hotstrip
was injected for an insulation volume of 25 litres over four and half hours. A pressure of
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3 bar was applied at the liquid in order to obtain a 2 bar pressure at the needles. The
wetting process was monitored by inspection of the lagging asbestos.
The samples collected during removal, were placed on a glass slide, the fibres
and particles were split up with tweezers and transferred on a cellulose filter by pressing
the filter onto a glass slide. The Raman spectra were collected with the X 50 and X 100
objectives using the red laser. The instrument was set up in microprobe mode.
steel pipe 270°C
diam=1 2 ”
/

2 sets of 15 needles every 4'
IIII IIIII I I I II

atmospheric temperature ~ 10°C

pressure
=3 bar
asbestos
lagging
4” thick

2

meters

Figure 7.1. schema of the asbestos removal site in Middlesborough.
7.2.2. Results.
After inspection, the removal process was rapidly stopped since the lagging was
only partially wet. Nevertheless, two samples collected from the lagging were analysed.
One seemed wet while the other seemed dry.
The fibres were identified as amosite fibres. Indeed, the spectra show
characteristic features from amosite which are the strong band at 660 cm' 1
corresponding to the Si bridging-O-Si stretching vibration as well as other bands at 1020
and 528 cm' 1 (figure 7.3).
As shown previously, the Raman spectra of particles are not characteristic of
calcium silicate but calcium carbonate and quartz due to a partial carbonation of the
silicate surface. Indeed, the spectrum (1) given in figure 7.2, is characteristic of quartz
(showing a strong band at 463 cm'1) associated with CO3 2' (showing a band at 1084 cm'1).
• “Dry” sample.
There is no evidence of wetting agent on the spectra of particles and fibres
(figures 7.2 and 7.3) from the “dry” sample, confirming the partial wetting of the
asbestos lagging. No drops of wetting agent were observed under the optical
microscope.
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Figure 7.2: Raman spectrum collected on a particle in comparison with hotstrip. (1) particle of
25 pm size, red laser, X 50 objective, Ttot« 4.4 min; (2) hotstrip.
Cellulose filter subtraction and baseline correction applied on spectrum (1).

300

500

700

900

1100

1300

1500

Delta wavenumbers (cm-1)

Figure 7.3: Raman spectrum collected on a fibre in comparison with amosite and hotstrip.
(1) fibre of 3 pm of diameter, red laser, X 100 objective, Ttot« 31.6 min; (2) amosite; (3) hotstrip.
Cellulose filter subtraction applied on spectrum (1).
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“Wet” sample.
The spectra collected on particles and fibres from the “wet” sample exhibit

bands characteristic of PDMS (figures 7.4, 7.6 and 7.9). Neither drop nor wetting agent
were observed under the optical microscope.
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Figure 7.4: Raman spectrum collected on a wet particle in comparison with hotstrip. (1) wet
particle of 8x34 pm of size, red laser, X 50 objective, Ttot « 15.2 min; (2) hotstrip.
Cellulose filter subtraction applied on spectrum (1).
Coverage measurements of wetting agent along individual fibres were measured
using the same method established in chapter 6, which is based on area ratio of the
wetting agent to the asbestos bands. Since the amosite bands interfered with the wetting
agent bands in some parts of the wet asbestos spectra, the curve fitting method was also
applied in order to separate the bands into individual components.

The micrograph of a wet fibre coated with hotstrip is given in figure 7.5 where
no drops nor wetting agent are observed. However, the Raman spectra confirm the
presence of wetting agent on the amosite fibre (figure 7.6). The relative amount of
hotstrip along the fibre was measured. Two regions were fitted using Lorentzian bands
after applying a 3 point binomial smoothing function (figures 7.7):
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- the 600-745 cm '1region, introducing one band for amosite and two bands for the
arrant
u ^ v n t.

- the 440-560 cm '1 region, introducing two bands, one o f which corresponding to the
wetting agent. The second band is an interference due to the notch filters.

A graph was then plotted (figure 7.8) giving the ratio o f the area of the wetting agent
band at 490 cm '1to the amosite band at 660 cm '1 against distance along the fibre.

^ 6
20 pm
Figure 7.5: Micrograph of a wet fibre.
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F ig u re 7.6: R a m a n sp e c tra c o lle c te d a lo n g a w e t fib re in c o m p ariso n w ith a m o site a n d h o tstrip .
(1 ) to (6 ) w e t fib re o f 2 p m o f d ia m e te r ( p o sitio n s 1 to 6 sh o w n in fig u re 7.5), re d laser, X 100
o b je c tiv e , T aq« 10 m in; (7 ) a m o site referen ce; (8) hotstrip .
C e llu lo se filte r su b tra c tio n ap p lied on sp e c tra (1) to (6).
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Figure 7.7.a.
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Figure 7.7: Curve fitting of spectrum (3) in figure 7.6 after applying binomial smoothing,
introducing Lorentzian bands from the wetting agent and amosite.
Figure 7.7.a. Curve fitting in the 440-560 cm'1 region; figure 7.7.b. curve fitting in the 600-745
cm' .
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F ig u re 7.8: P lo t o f th e re la tiv e am o u n t o f w e ttin g a g e n t a lo n g a fib re (fig u re 7 .5 ) c a lc u la te d
fro m a re a b a n d s ra tio (sp e c tra 1 to 6 in fig u re 7.6) o f th e w e ttin g a g e n t b a n d a t 4 9 0 c m '1 to th e
am o site a t 6 6 0 c m '1.

The plot of the relative amount of wetting agent along the fibre shows a rather
heterogeneous coverage since the values of the area bands ratio are comprised between
0.2 and 1.4. However, most of these values are found in the 0.2 to 0.6 range.

• The micrograph of another wet fibre coated with hotstrip is given in figure 7.10.
The Raman spectra confirmed the presence of wetting agent on the amosite fibre (figure
7.9). However, a band at 465 cm"1appears on the spectra characteristic of quartz
demonstrating the presence of small impurities on the fibre. The relative amount of
hotstrip along the fibre was also measured. Two regions were fitted using Lorentzian
bands (figures 7.11):
- the 745-600 cm'1region introducing one band for amosite and two bands for the
wetting agent.
- the 440-560 cm"1region introducing three bands, two of which corresponding to the
wetting agent and quartz. The last band is an interference due to the notch filters.

A graph was then plotted (figure 7.12) giving the area ratio of the wetting agent band at
490 cm"1to the amosite band at 660 cm"1against distance along the fibre.
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Figure 7.9: Raman spectra collected along a wet fibre in comparison with amosite and hotstrip.
(1) to (5) wet fibre of 3 pm of diameter (positions 1 to 5 shown in figure 7.10), red laser, X 100
objective, Taq» 6.7 min; (6) amosite reference; (7) hotstrip.
Cellulose filter subtraction applied on spectra (1) to (5).
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Figure 7.10: micrograph of a wet fibre.
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Figure 7.11: Curve fitting of spectrum (3) in figure 7.9, introducing Lorentzian bands from the
wetting agent, amosite and quartz.
Figure 7.11 .a. Curve fitting in the 440-560 cm'1region; figure 7.11 .b. curve fitting in the 600745 cm'1.
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Figure 7.12: Plot of the relative amount of wetting agent along a fibre (figure 7.10) calculated
from area bands ratio (spectra 1 to 5 in figure 7.9) of the wetting agent band at 490 cm' to the
amosite at 660 cm'1.
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The plot of the relative amount of wetting agent along the fibres contaminated
with quartz shows also a complete coverage but with higher values of the area bands
ratio than in the previous case. These values were between 0.8 and 1.7. This may be due
to a change in the surface morphology. Indeed, the quartz impurities may be fine
particles which provide a rough surface where PDMS drains off less easily than a
smooth curved surface like pure fibre.

Raman microspectroscopy gave evidence of completely wet as well as dry areas
in the insulation material. This incomplete wetting may be due to:
-the quantity of PDMS which was not sufficient.
- more probably, a lack of time for the diffusion of the liquid through the insulation.

7.5. Rotating drum dust generation tester.
7.3.1. Cementitious material containing asbestos.
7.3.1.1. Materials and methods.
A cementitious material containing asbestos was wetted with hotstrip by
capillary action from the bottom. The approximate volume of the material was 8.5 cm3.
The amount of wetting agent which was used (2g), corresponded to 24.5 % of the
material volume.
Samples taken on top and bottom of the material were directly placed on
cellulose filters after splitting up fibres and particles with tweezers. The Raman spectra
were collected with the X 50 and X 100 objectives using the red and green laser. The
red laser was installed on a new spectrometer. The notch filters, optics and CCD camera
are slightly different in order to obtain a higher performance. The green laser remained
on the usual instrument. The instrument was set up in microprobe mode.

The concentration of fibres produced by disturbing the wet material in reference
23

with a dry material was measured using a rotating drum tester ’ . The running and set up
of the tester was explained in chapter 4.
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7.3.1,2. Results.
7.3.1.2.1. Raman microspectroscopy.
This cementitious material possessed a low level of fibres. Particles rather than
fibres were mainly observed on the filters. These particles were principally identified as
CaCC>3 showing characteristic bands at 1087, 713 and 280 cm'1 (figure 7.13 and 7.15).
The spectra of the fibres display strong bands at 660 cm'1 and weaker bands at 1020 and
530 cm'1which were attributed to amosite asbestos (figure 7.14).

The Raman spectra, using the red laser, collected on fibres and particles from the
bottom of the wet cementitious material show bands from hotstrip as well as different
level of coverage and uncovered areas (figure 7.13 and 7.14). However, the bands
intensity from hotstrip were generally rather weak on the CaC0 3 particles and asbestos
fibres spectra.
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Figure 7.13: Raman spectra collected on particles from the bottom of the wet material in
comparison with hotstrip. (1) particle of 40x16 pm size, red laser, X 50 objective, Ttot« 3.9
min; (2) particle of 40 pm size, red laser, X 50 objective, Ttot« 7.8 min; (3) particle of 80x40
pm size, red laser, X 50 objective, Ttot« 1.9 min; (4) hotstrip.
Cellulose filter subtraction and baseline correction applied on spectra (1) to (3).
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The Raman spectra collected on particles from the top of the wet cementitious
material show also bands from hotstrip (figure 7.15) which proves the presence and
diffusion of hotstrip in all the material.

R

a
a

R
Q
5o
(<

400

800

1200

1600

2000

2400

2800

3200

Delta wavenumbers (cm-1)

Figure 7.15: Raman spectra collected on particles from the top of the wet material in
comparison with hotstrip. (1) particle of 70x50 pm size, red laser, X 50 objective, Ttot ~ 9.1
min; (2) particle of 50x40 pm size, red laser, X 50 objective, Ttot« 5.2 min (3) hotstrip.
Cellulose filter subtraction and baseline correction applied on spectra (1) and (2).
The Raman spectra, using the green laser, collected on particles from the bottom
and top of the wet cementitious material show also a complete diffusion of the wetting
agent through the material as well as different coverage level of hotstrip on the particles
(figures 7.16 and 7.17). However, the wetting agent spectrum exhibits different relative
intensity bands ratio. The bands characteristic of the CH stretching vibrations are more
intense than the other wetting agent bands. It has to be noted that the red laser has a
horizontal polarisation since the green laser possesses a vertical polarisation. Therefore,
this change in relative band intensities may be due to an orientation of the PDMS on
quartz slide (substrate used to collect the reference spectrum) and on the fibres and
particles.
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Figure 7.16: Raman spectra collected on particles from the bottom of the wet material in
comparison with hotstrip. (1) particle, green laser, X 50 objective, Ttot» 2.7 min; (2) particle of
110x70 pm size, green laser, X 50 objective, Ttot« 3.3 min; (3) particle of 14 pm size, green
laser, X 50 objective, Ttot ~ 4.0 min; (4) hotstrip.
Cellulose filter subtraction and baseline correction applied on spectra (1) to (3).
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Figure 7.17: Raman spectra collected on particles from the top of the wet material in
comparison with hotstrip. (1) particle of 70x30 pm size, green laser, X 50 objective, T,ot« 5.3
min; (2) particle of 50 pm size, green laser, X 50 objective, Ttot« 6.6 min; (3) particle, green
laser, X 50 objective, Tt0, « 2.7 min; (4) hotstrip.
Cellulose filter subtraction and baseline correction applied on spectra (1) to (3).
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The wetting agent diffused in all the cementitious material. Indeed, this material is a
4

porous solid which possesses arrays of capillaries through which the liquid can penetrate .

7.3.1.2.2. Rotating drum tester.
The cementitious materials were difficult to break up. Moreover, during the
rotating drum experiment, the concentration o f dust released from the dry material was
relatively low. Nevertheless, the number o f fibres generated from the wet material was
considerably reduced comparing to the dry material (figure 7.18). After the rotating
drum experiment, two large pieces of the wet material were recovered. The maximum o f
fibres generated from the dry material reached 13 fibres/ml after 4 minutes while less
than 1 fibre/ ml was produced from the wet material. This indicates a nearly complete
suppression of fibres after wetting.
IH

ctoo
Q
CO
wet material
u dry material

CO

V.

6

I

K
O

4

cCOo

2

o
U
0

2

4

6

8

10

Time (min)
Figure 7.18.: Concentration of fibres released from a wet and dry materials during the drum
rotating test against time.
The Raman experiments fit very well with the rotating drum test showing both a
complete wetting and diffusion of PDMS through the material.

7.3.2. Friable material containing asbestos.
7.3.2.1. Materials and methods.
A friable material containing a high concentration o f asbestos fibres, from an
insulation board, was wetted with hotstrip by capillary action from the bottom. The
approximate volume of this material was 25 cnr’ corresponding to a weight o f 5.6g. The
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amount of wetting agent which was used (5g) corresponded to 21% of the material
volume. The material was difficult to wet since only about 30 % seemed wet at the
bottom. Three samples from the bottom, middle and top, were taken before the rotating
drum experiment, and directly placed on cellulose filters by pressing the filters onto the
material. In the case of the bottom sample, the filter was also wet. The Raman spectra
were collected with the X 50 and X 100 objectives on the new spectrometer using the
red laser. The instrument was set up in microprobe mode.
The concentration of fibres produced by disturbing the wet material in reference
with a dry sample was measured using the rotating drum tester.
73.2.2. Results.
73.2.2.1. Raman microspectroscopy.
The material was mainly composed of fibres identified as amosite since the
spectra display characteristic bands at 660,1020 and 530 cm'1(figure 7.20 to 7.22).
Other particles, brown grey, which could cover the fibres were observed and identified
as some type of oxides (figure 7.19).
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Figure 7.19: Raman spectra collected on particles in comparison with a fibre from the
insulation and amosite. (1) grey brown particle of 12x8 pm size, red laser: 25 % attenuation,
X 50 objective, Ttot« 50.8 min; (2) grey brown particle of 16x10 pm size, red laser: 25 %
attenuation, X 50 objective, Ttot» 51.7 min; (3) fibre of 6 pm of diameter, red laser, X 100
objective, T,ot» 25.9 min - Cellulose filter subtraction applied on spectra (1) to (3).
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The bottom of the wet material was completely saturated with liquid. Raman spectra
collected on fibres and cellulose filter show strong bands from hotstrip which proved a
complete wetting (figure 7.20) of the bottom of the material. However, the spectra of the wet
asbestos fibres were not only collected from the fibres but also from the wet filter.
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Figure 7.20: Raman spectra collected on fibres and filter from the bottom of the wet material, in
comparison with hotstrip. (1) fibre of 2 pm of diameter, position 1, red laser, X 100 objective,
Taq« 13.3 min; (2) position 2, red laser, X 100 objective, Taq» 13.3 min; (3) wet cellulose
filter; (4) hotstrip - Cellulose filter subtraction applied on spectra (1) and (2).
The fibres collected directly on the filter from the bottom of the material were
then transferred on another dry filter by pressing it on top of the wet filter. The bands of
the wetting agent are not as strong as they were on the wet cellulose filter. On the other
hand, some spectra exhibit only bands from the asbestos fibres characteristic of
uncovered areas (figure 7.21). As shown in chapter 6, the wetting agent around the
fibres drained off and was absorbed by the filter. This rheological phenomenon was
explained by the low surface tension and spreading behaviour of PDMS4’5.
The Raman spectra of the fibres from the middle of the wet material show only
bands characteristic of asbestos, which prove the absence of hotstrip in the middle part
of the material (figure 7.22). The fibres from the top of the wet material were also
uncoated. The wetting agent clearly remained at the bottom of this friable material.
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As found in chapter 6 for man-made mineral fibres, PDMS did not penetrate
through the material which was mainly composed o f fibres. The fact that the liquid was
drained at the bottom may be due to a more limited capillary wetting process since the
size of voids between fibres are too great for the liquid to bridge.

7.3.2.2.2. R o ta tin g d r u m tester.

The friable material easily broke up. During the rotating drum experiment, the
wet and dry materials were split up into very small pieces. The concentration o f dust,
mainly fibres, released from the dry material was rather high compared to the
cementitious material (35 times higher). However, the level o f fibres generated from the
wet material still remain extremely high (figure 7.23). The number o f fibres produced
from the dry material reached 480 fibres/ml after 8 minutes while 340 fibres/ml were
released from the wet material. This indicates an unsuccessful suppression o f dust after
wetting.
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Figure 7.23: Concentration of fibres released from a wet and dry materials during the drum
rotating test against time.

The Raman experiments fit also in this case with the rotating drum test showing
both a partial wetting o f the fibrous material.
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7.4. Conclusion.
Asbestos containing materials wetted by PDMS were investigated in this
chapter. These materials were either directly collected from an industrial removal site
after wetting or wetted by capillary action in laboratory conditions and then tested in a
rotating drum which estimated the concentration of fibres released during disturbance of
the material.

The coverage measurements of wetting agent on fibres and particles from
asbestos containing materials were successfully achieved by Raman microspectroscopy.
The distribution and amount of wetting agent along fibres were estimated from the
variation of area bands ratio of wetting agent to asbestos. These measurements
correlated very well with the observation made on the asbestos removal site and rotating
drum tests.

The wetting behaviour of PDMS on asbestos containing materials was as
expected from chapter 6.
Asbestos fibres from a wet sample collected on an asbestos removal site, showed
a complete coverage. However, the amount of wetting agent on a fibre contaminated
with quartz particles was found more important than in the case of a non-contaminated
fibre. The quartz impurities might provide a rough surface where PDMS drains off less
easily than a smooth curved surface like pure fibre.

PDMS wetted successfully the cementitious material, a porous solid possessing
arrays of capillaries through which the liquid can penetrate.
However, PDMS did not penetrate through the material which was mainly
composed of fibres as expected from chapter 6. The liquid drained off at the bottom,
probably due to the capillary wetting process which was more limited since the size of
voids between fibres are too great for the liquid to bridge.
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8.1. Conclusion.
Raman microspectroscopy has been shown to be:
- a sensitive technique to the composition of materials, which was used to distinguish
between similar species.

- and a very powerful technique for the identification of pm size fibres and particles on
paper substrates, with little or no sample preparation. The subtraction process of
cellulose filter was successfully applied on the spectra.
These particles were either:
- air pollutants such as inorganic fibres (e.g. asbestos and man made vitreous fibres) and
diesel particles which are hazardous carcinogenic particles when airborne.
- or gunshot residues of great importance in criminal cases for the identification of the
gun and ammunition.

• The Raman spectra of five asbestos reference fibres have shown significant
differences, possessing their own features and allowing the possibility to discriminate
one type of asbestos from another.
Each asbestos type and its non-fibrous form displayed very similar spectra
except for some cases in the v(OH) stretching region, such as amosite and crocidolite.
Nevertheless, a more extensive study on tremolite fibrous and tremolite showed
differences in the band widths and positions of the 670 and 390 cm'1bands. These
changes might be explained by a difference in the number of defects or by local laser
heating.

• Raman microspectroscopy allowed the direct identification of:
- pure inorganic fibres on cellulose filters, especially asbestos fibres as small as 1 pm of
diameter.
- unknown fibres, on cellulose filters, from real “industrial” samples like waste asbestos
samples from buildings ceilings, walls or pipe insulation.
- other inorganic particles on cellulose filters.
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• Raman microscopy was used to discriminate coal and diesel particles. The
most significant feature was the difference in the bands intensity ratio of the D to G
carbon bands in the Raman spectra of diesel and coal particles, probably due to a more
disordered carbon structure in the case of diesel particles compared with that of coal.

• Finally, gunshot residues were successfully identified by Raman
microspectroscopy mainly as carbon particles, BaC0 3 , PbO and mixtures of compounds
such as: BaC0 3 , PbS0 4 , PbO. The broad band from 700 to 350 cm'1 in many of the
spectra was attributed to mixed iron or iron/chromium oxides.

Raman microspectroscopy has also been shown a useful technique for the
coverage measurements of wetting agents on fibres and particles, with a few pm spatial
resolution. It has provided important information about surface coverage of materials
with a spatial resolution between 2 and 4 pm.
Indeed, asbestos containing materials which are now being progressively removed, are
wetted before removal in order to reduce the concentration of fibres released in the
atmosphere during disturbance.

• The coverage measurements of wetting and encapsulating agents on fibres and
particles were established from basic laboratory experiments. The amount and
distribution of wetting and encapsulating agents along individual fibres were estimated
from the band area ratio in the spectra of the wetting or encapsulating agent and
asbestos.

• Several wetting or encapsulating agents, materials and wetting process were
investigated in this thesis. The Raman measurements correlated very well with:
- the micrographs of wet fibres from the optical microscope.
- the visual examination of the asbestos lagging on asbestos removal site.
- the estimation of the concentration of fibres realised during disturbance of wet
materials (rotating drum tests).
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• Important information on the ability of the liquids to wet or spread on
inorganic fibres and other types of materials such as calcium silicate was obtained.

Wetting agents having a low surface tension and a very small contact angle, show
weak adhesion forces between liquid and fibres. This liquid drained off easily on
smooth curved surface such as fibres, and spread easily also on flat surfaces. The
spraying of such liquid onto inorganic fibre surfaces resulted in good coverage while the.
wetting by capillary action remains difficult if the material is not porous.
On the other hand, wetting agents which possess a higher surface tension and
higher contact angle, show strong adhesion wetting liquid and fibres. The spraying of
such liquid covered the surfaces of inorganic fibres in a heterogeneous manner, leaving
drops.
It was also shown that emulsions such as silicone, wetted heterogeneous calcium
silicate materials leaving the silicone at the bottom while water diffused up to the top.

Porous solid such as calcium silicate, possess arrays of capillaries through which
liquids can penetrate. However, in materials mainly composed of fibres, the capillary
wetting process is more limited since the size of voids between fibres is too great for
liquids to "bridge".

8.2. Future work.
Raman microspectroscopy has been shown to be a very powerful technique for
the identification of pm size asbestos fibres. It would be also interesting to study
degraded asbestos which may appear in insulation materials.

The carbon spectra from coal and diesel particles displayed differences especially
from the band intensity ratios. The next step would be to investigate samples from
different sources, as well as mixed coal/diesel samples. The identification of other
compounds associated with carbon in coal and diesel particles (such as polycyclic
aromatic hydrocarbons (PAHs) in the case of diesel particles) could also be used as
criteria of discrimination. This should be investigated.
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Wetting and encapsulating agents studied are generally developed from "hands
on experience" rather than from the study of chemistry and properties of asbestos
containing materials. A study of the adsorption of molecules such as probe molecules
(or surfactants) in regards with the chemical and surface properties of insulation
materials, by Raman microspectroscopy, would allow the development of a better
wetting agent. This would involve using fibres of known properties, the variation in
surfactant type and pH in order to achieve chemical matching with the material under
investigation.
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L IST OF ABBREVIATIONS:

AAS: Atomic Absorption Spectroscopy.
ATR: Attenuated Total Reflection.
CAWR: Control of Asbestos at Work Regulations.
CCD: Charge Coupled Device.
DRIFTS: Diffuse Reflectance Infrared Fourier Transform Spectroscopy.
EDX: Energy Dispersive X ray.
DPM: Diesel Particulate Matter.
HSE: Health and Safety Laboratory.
HSL: Health and Safety Laboratory.
HNF: Holographic Notch Filters.
MIR DR: Mid Infrared Diffuse Reflection.
MMMF: Man Made Mineral Fibres.
MMVF: Man Made Vitreous Fibres.
NA: Numerical Aperture.
NIR DR: Near Infrared Diffuse Reflection.
OES: Optical Emission Spectroscopy.
PAHs: Polycyclic Aromatic Hydrocarbons.
PCM: Phase Contrast Microscopy.
PLM: Polarised Light Microscopy.
RI: Refractive index.
SEM: Scanning Electron Microscopy.
TEM: Transmission Electron Microscopy.
XRF: X Ray Fluorescence.
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