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Assessment of the use of Raman spectroscopy
for the determination of amphibole asbestos
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Raman spectroscopy was assessed for its ability to rapidly identify asbestos phases by submitting the
amphiboles anthophyllite, amosite, crocidolite and tremolite to spectroscopic analysis. All the phases
were characterized by using XRD, SEM, TEM (CTEM, SAED), AEM and EDS techniques. This study
demonstrates that accurate identification of the mineralogical phase can be attained by analysing the
position in the Raman spectrum of the bands corresponding to the symmetric stretching modes (vy) and
to the antisymmetric stretching modes (v,) of the different Si—O linkages. Raman spectroscopy thus
proves to be an effective technique for rapidly distinguishing the different fibrous minerals examined.
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Introduction ization of different species of asbestos while using

THE term ‘asbestos’ refers to a family of fibrous
minerals belonging to the serpentine group
(chrysotile) and to the amphibole group (actino-
lite, anthophyllite, amosite, crocidolite and
tremolite). Used mainly in the building industry,
these minerals have deleterious effects on the
human body. The resultant damage is dependent
upon a combination of factors such as length of
exposure, individual sensitivity and the nature of
the material that has been inhaled. Experimental
techniques for the detection of asbestos fibres and
for the identification of the mineralogical species
present in a given sample are therefore of great
interest. Of the techniques currently available,
Raman spectroscopy has several clear advantages:
it is extremely simple to perform, requires no
specimen preparation and, when used in conjunc-
tion with a microscope, allows the spectrum from
a bundle of fibres to be obtained. Several reports
in the literature have dealt with Raman character-

a microspectrometer, and the Raman spectra
obtained from selected micrometric bundles of
fibres: Blaha and Rosasco (1978); Lewis et al.
(1996); Bard et al. (1997); Kloprogge et al.
(1999). At first glance, comparison of the results
obtained on the same mineralogical phase by the
different authors reveals various discrepancies.
However, no information is reported, in the works
cited, about the chemical composition of the
minerals analysed, leaving a margin of doubt
about conclusions based on these apparent
discrepancies.

In order to contribute to the determination of
the Raman spectrum of an asbestos phase with a
well-defined chemical composition, we applied
Raman analysis to fibrous samples previously
characterized chemically and mineralogically
using X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), transmission electron
microscopy (TEM) coupled with EDS (energy
dispersion spectrometry) and analytical electron
microscopy (AEM). In a previous work by the
present authors (Rinaudo et al., 2003) the

serpentine asbestos (chrysotile) was characterized
from crystallographic and spectroscopic points of
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view: in this paper we describe the Raman spectra . | At B T S
1B 10/3

obtained from amosite, anthophyllite, crocidolite
and tremolite, and show that Raman spectroscopy
can be used for the identification of the studied
phases. Actinolite was not included in the study,
for chemical and mineralogical characterization
of all the actinolite samples from different sources
revealed them actually to be tremolite.

Experimental

Samples of the materials studied were obtained
from private collections, from the Azienda
Ospedaliera SS. Antonio e Biagio, Alessandria
(Italy) and from the Museo Regionale di Scienze
Naturali of Torino (Italy).

Each sample was first examined by XRD with
the powder method, using a Siemens D5000
diffractometer equipped with Cu-Ko radiation.
Samples pure enough from a mineralogical point
of view, i.e. those for which the XRD spectrum
showed a large preponderance of one asbestos
phase and small amounts of other mineralogical
phases, underwent further characterization.

Morphological study and basic chemical
analysis of the selected samples were performed
using a Cambridge Stereoscan 360 SEM equipped
with a Link Oxford Pentafet ATW2 analytical
energy dispersive microanalysis system (EDS).

The chemical compositions of the different
samples were determined using transmission
electron microscopy (TEM) by selected area
electron diffraction (SAED), with observations
made at medium (CTEM — conventional trans-
mission electron microscopy) and sometimes high
magnification (HRTEM), and by analytical elec-
tron microscopy (AEM). Both TEM and AEM
analyses were performed using a Philips CM12
TEM, working at 120 kV, and equipped with an
EDAX Si (Li) detector, and processed with a
PV9900 system for energy dispersive microana-
lyses. The AEM analyses were performed on
isolated fibres. The data were processed with the
SUPQ software using default K factors. The
different samples of amphibole asbestos were
classified according to Leake et al. (1997) using
the NEWAMPHCAL program written by Yavuz
(1999). On the basis of the chemical composition
determined by EDS, NEWAMPHCAL calculates  pig. 1. (a) Secondary electron SEM image of the
a structural amphibole formula allocating Fe, anthophyllite sample studied. (b) TEM image of an
detected as Fe*" by EDS, to Fe’" and Fe’" on anthophyllite fibre; at the top of the fibre, thin fibrils can
the basis of a procedure proposed by Droop be seen splitting off the sample. (¢) Diffraction pattern
(1987). Water was not detected, so the data were  from the fibre shown in Fig. la and observed along
normalized to 23 oxygen atoms. [010]. The fibre axis runs along the [001] direction.
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Finally, the different asbestos phases were
studied under a Jobin Yvon HR800 LabRam
p-spectrometer equipped with an Olympus BX41
microscope, an HeNe 20 mW laser working at
632.8 nm and a CCD air-cooled detector. In order
to balance the signal against noise, 10 cycles of
100 scans were performed.

In this work, only the Raman region corre-
sponding to 1200—150 cm ™' was analysed.

Anthophyllite

The samples selected for detailed characterization
of the anthophyllite phase came from the Bresimo
Mine (near Trento, Trentino Alto Adige, Italy).
Observed under SEM (Fig. 1a) the samples
appear as bundles of stiff fibres with a prismatic
habit. The splitting of thick fibres into finer and
therefore more flexible fibrils can be seen in the
SEM and TEM images (Fig. 1a,b), from which
the fibres can be estimated to have widths ranging
from 3000 to 13,000 A.

Certain identification of the anthophyllite phase
is obtained by TEM from the symmetry and the
dpy values in the diffraction patterns (Fig. 1b,c)
and from AEM analyses performed on several
fibres which reveal a cummingtonite/anthophyl-
lite phase (Table 1) (theoretical formula
(Mg.Fe**);[Sis0,](OH),).

A Raman spectrum registered on the fibres
characterized according to their chemical and
mineralogical aspects is shown in Fig. 2. The
bands are identified on the basis of the description
of the vibrational bands in the IR spectra of the
phyllosilicates proposed by Lazarev (1972) and
Farmer (1974) as well as the assignation proposed

T v T T T T
1200 1000 800 600 400 200

Wavenumber (cm’)

FiG. 2. A Raman spectrum registered on anthophyllite

fibres such as those represented in Fig. la.
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by Kloprogge et al. (2001) for the Raman bands
of holmquistite, a Li-bearing amphibole.

In the 1200—600 cm™" spectral region, four
significantly intense bands can be observed at
1044, 928, 699 and 674 cm ™', regardless of the
angle of the fibre to the incident beam. As
described by Lazarev (1972) and Kloprogge et al.
(2001) four Si-O,—Si and four O—Si—O anti-
symmetric stretching vibrations can be observed
in amphiboles in the 1150—950 cm™' range.
More specifically, vibrations >1000 cm™! are
ascribed to the antisymmetric stretching vibra-
tions (v,s) of the Si—O,—Si linkages — in the
anthophyllite spectrum this corresponds to the
band observed at 1044 cm™'. Instead, the bands
in the 1000—950 cm ™' range of amphibole
spectra are assigned to the v, vibrations of the
O—-SiO— groups; anthophyllite, however,
contains no bands in this region. Following the
same authors, the band at 928 cm™! may be
ascribed to the symmetric stretching modes (vs) of
the O—-SiO- linkages; and finally, the bands in the
750—650 cm ™! spectral region are produced by
symmetric stretching vibrations —v,— of the Si—
Op—Si groups. Of the two bands detected in this
region in the anthophyllite spectrum, the more
intense one, which appears at 674 cm™', is
ascribed to the v, (A,) symmetric stretching
modes of the Si-O,—Si bridges. In the
500—180 cm™' region of the spectrum, the
coupling of vibrations involving different
cations, translation and libration modes of the
hydroxyls and deformation modes of the
(Si401,)., ribbons makes precise assignment of
the bands problematic. Nevertheless, in the
Raman spectra of minerals containing OH™ in
the tetrahedral rings, in particular on phyllosili-
cates, vibrations produced by the groups O—H—0O
(wherein O’s are the apical oxygens of the SiO4
tetrahedra and H is the hydrogen of the OH group)
are always observed in the 200—300 cm ™' range
(Frost, 1995, 1997; Frost & Kristof, 1997,
Rinaudo ez al., 2003). As a consequence of the
presence of OH™ in the centre of the (Si4011).
ribbons, vibrations in the same frequency range
may be expected in amphiboles; we therefore
suggest that the bands observed at 222, 254 and
265 cm~ ' be assigned to vibrations of the
O—H—-O0 groups.

Table 2 shows the position of the bands
detected on all the anthophyllite spectra
(including those observed on spectra registered
on fibres at different angles to the incident beam
from that in Fig. 2) and compares them with the
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ASBESTOS DETERMINATION BY RAMAN SPECTROSCOPY

S OK W25 m MG K AT results from Bard e al. (1997). We detected a
larger number of bands, thanks to the high
resolution of the instrument used; nevertheless,
the band positions observed correspond well to
those of Bard et al. (1997), and discrepancies in
intensity are probably related to the different
orientation of the samples in the two studies.

Tremolite

The samples of tremolite selected for study are
from Brachiello (Val d’Ala, Piedmont region,
Italy). The SEM observations (Fig. 3a) reveal
them to be aggregates of very long fibres with
diameters ranging from 10,000 to 15,000 A, and
thicker crystals ranging in diameter from
150,0000 to 200,0000 A. A CTEM analysis of
the fibres reveals a diffraction pattern (Fig. 3b,c)
indicating O/ lattice planes (dpo; = 5.1 A; dozo =
9.0 10\) and a fibre axis running in the [001]
direction. The AEM analyses performed on
different fibres (Table 1) indicate an homoge-
neous chemical composition corresponding to the
tremolite phase with the theoretical formula:
Cay(Mg,Fe”)s[Sis05,](OH),.

Figure 4 shows a Raman spectrum registered on
a previously characterized fibre, analogous to
those represented in Fig. 3a. In the spectral
region 1200—600 cm ', four significantly
intense bands at 1062, 1031, 932 and 676 cm ™,
and two weak bands at 950 and 751 cm™' can be
observed, regardless of the orientation of the fibre
with respect to the incident beam. A very weak
band appears at 740 cm ™' in the spectra registered
with the fibre at a different angle from that in
Fig. 4. As discussed for anthophyllite, according
to Lazarev (1972) and Kloprogge et al. (2001), the
bands at 1062 and 1031 cm™' may be ascribed to

s 1062
1031 676

] I 418 /
I I/ 180
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FiG. 3. (@) Secondary electron SEM image of the

tremolite sample studied. (b) CTEM image of a

tremolite fibre. (¢) SAED pattern of the fibre in Fig. 35 FiG. 4. A Raman spectrum of the tremolite sample
and observed along [100]. represented in Fig. 3a.
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the antisymmetric stretching vibrations —v,s— of
the Si—0,—Si; the band at 950 cm ™' to O—SiO—;
the band at 932 cm ~' to the symmetric stretching
modes of the O—SiO— linkages; lastly, the bands
in the spectral region 750—650 cm ™" are produced
by the symmetric stretching vibrations —v,— of
the Si—Oy,—Si groups. Of the three bands detected
in this region, the most intense, which appears at
676 cm ™', is ascribed to the v, (Ag) symmetric
stretching modes of the Si—O,—Si bridges. In the
<650 cm ' region of the spectrum, as in the case
of anthophyllite, assignment of the bands to the
vibrational modes is problematic. Nevertheless,
four bands appear in the spectral region
200—300 cm™", where we would expect to see
vibrations produced by O—H—O groups: two are
of weak intensity at 290 and 254 cm™~', and two
are of higher intensity at 234 and 225 cm™'. Given
that the octahedral positions on tremolite are
normally occupied by two types of cations (Mg
and Fe?") linked to OH™ groups (in our sample,
substitutions of Al for Mg or Fe*" are detected by
AEM analyses, Table 1) and that the cubic sites
are occupied by Ca, the presence of more than one
type of O—H—O group vibrating at very similar,
but not identical, frequencies is not surprising.

In Table 2 our spectrum is compared with the
spectra obtained for tremolite samples by
different authors using different excitation wave-
lengths: 514 nm, Blaha and Rosasco (1978);
785 nm, Lewis et al. (1996); 632.8 nm, Bard et
al. (1997).

Our data appear to match closely those of Blaha
and Rosasco (1978), with the exception of some
variations in the spectral region corresponding to
very low frequencies, near 200 cm '. In this
region of the spectrum, vibrational modes of the
cations with octahedral (M1, M2, M3) and cubic
(M4) coordination are observed. We therefore
hypothesize that our samples and those of Blaha
and Rosasco (1978) include chemical differences
in these reticular positions, although lack of
specification of the sample in the latter study
precludes definitive confirmation of this theory.

Table 2 also shows significant discrepancies
between our spectrum and the results from Lewis
et al. (1996), which more closely resemble those
we registered on the anthophyllite phase. Since the
chemical and crystallographic characteristics of
the sample studied by Lewis et al. (1996) are not
indicated, and since the anthophyllite phase is not
taken into consideration, we are inclined to believe
that the mineralogical phase studied in that case
was anthophyllite and not actually tremolite.
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The samples of amosite (the commercial name for
one member of the cummingtonite—grunerite
series) characterized in the present work are
from South Africa. Analysis by SEM revealed
them to be made up of rather stiff bundles of
fibres measuring in some cases up to several cm
long (Fig. 5a). The XRD and AEM analyses
(Table 1) confirm the homogeneity of the whole
sample and allow it to be classified as grunerite—
ferroanthophyllite (theoretical formula:
(Fe*' Mg)4[Sis02,](OH),). The widths of the
individual fibres, measured on the images
obtained by CTEM, range from 1500 to 4800 A
(Fig. 5b). The d;;, values calculated from the
SAED images (Fig. 5c¢) indicate 04/ lattice planes
and an elongation axis of the fibres parallel to the
[001] direction.

The spectrum registered on fibres such as those
represented in Fig. 5a is shown in Fig. 6. The
most intense band at 659 cm ™" is assigned to v, of
the Si—O,—Si linkages, as in the case of
anthophyllite and tremolite. The bands at 1020
and 968 cm™' may be assigned, according to
Lazarev (1972), to v, of the Si—O—Si bridges,
and to v, of the O—SiO— linkages, respectively,
while the band at 904 cm ™' may be assigned to v
of the O—SiO— linkages (Lewis et al., 1996). In
the spectral region where vibrations of O—H—0O
groups are expected, only three bands are
observed, at 289, 252 and 216 em™ !

Table 2 allows comparison of our spectra with
those reported by Lewis ez al. (1996) and by Bard
et al. (1997), showing a good match in every case.

Crocidolite

The samples of the ‘blue’ asbestos studied in the
present work are from South Africa. Analysis by
SEM reveals the samples to be made up of very
long, fine, flexible fibres, ranging from 500 to
2000 A wide (Fig. 7a). Diffraction patterns of the
fibres (Fig. 7b,c) indicate 40/ lattice planes and an
clongation axis of the fibres parallel to the [001]
direction; the presence of 0k/ streaked spots
(Fig. 7¢) indicate that the samples are rich in
chain-wide faults. The AEM analyses (Table 1)

FIG. 5. (a) Secondary electron SEM image of the amosite

sample studied. (b) CTEM image: the thick arrow

indicates an instance of fibril splitting. (¢) SAED pattern
from the fibre indicated by the thin arrow in Fig. 5b.
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Fi. 6. Raman spectrum obtained from the fibres of
amosite represented in Fig. 5a.

reveal an homogeneous composition and,
according to the nomenclature of the amphiboles
proposed by Leake et al. (1997), proves to be pure
riebeckite (theoretical formula:
NazFe§+Fe§+[Si8022](OH)Z).

Figure 8 shows a Raman spectrum registered on
the fibres shown in Fig. 7a; on the whole, the
spectrum is richer in bands than the spectra of the
other amphiboles studied, probably a consequence
of the more complex chemical composition of
crocidolite (Table 1). The intense band produced
by the v, vibrations of the Si—O,—Si groups is
shifted here to 1082 cm™', whereas the intensity
of the band at 967 cm™" varies according to the
orientation of the fibres with respect to the
incident beam. This is strong evidence in favour
of assigning the band to the symmetric stretching
modes of the O—SiO— groups, rather than to the
antisymmetric stretching vibrations as proposed
by Lewis e al. (1996). The band at 889 cm '
behaves in a similar fashion, and may thus be
attributed to the symmetric stretching vibrations
of the O—SiO—. The two bands in the spectral
region 550—660 — in our case at 664 and
577 cm™' — were ascribed by Lewis et al.
(1996) to the vy, modes of Si—O,—Si bridges,
despite the fact that the frequency of the second,
at 577 cm™ ', is less than expected for the v of the
Si—0y,—Si groups (Lazarev, 1972). The structural
complexity of the crocidolite, the 4 sites of which
are also occupied by Na ions, makes attribution of
the bands at low frequencies extremely
problematic.

Table 2 allows comparison of the spectrum we
obtained and the spectra of the same phase
reported by other authors. Our spectrum most

FiG. 7. () SEM photograph of bundles of crocidolite.

(b) TEM image of crocidolite fibres. (¢) SAED pattern

from the fibre of crocidolite indicated by the arrow in
Fig. 7b and seen along the [010] direction.
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1200

FiG. 8. Raman spectrum of crocidolite obtained from the
fibres shown in Fig. 7a.

closely matches that of Bard er al. (1997);
variations in the intensity of several of the bands
may be the result of the different angles of the
fibres to the incident beam. Turning to the data
from Lewis et al. (1996), one can observe a shift
between their spectrum and ours; moreover, they
observe a band of medium intensity at 324 cm ™',
which we did not detect. As all of the
discrepancies described among the three spectra
in Table 2 appear at low frequencies, where
vibrations of the cations with different coordina-
tion polyhedrons are expected, we can hypothe-
size that our samples and those of the other
authors differ in chemical composition.

Conclusions

The TEM investigations allowed certain identifi-
cation of the asbestos samples which underwent
Raman analyses. The fibre dimensions of the
asbestos studied in this work and previously
(Rinaudo et al., 2003) proved to be dependent on
the mineralogical phase: the largest ones are the
tremolite fibres and, in decreasing order, those of
anthophyllite, amosite, crocidolite and finally,
chrysotile.

Comparison of the spectra registered under our
experimental conditions with data from the
literature lead us to conclude that discrepancies
in the band intensities may be related to the
orientation of the fibres with respect to the
incident beam in the different studies. Other
discrepancies in the spectra of the same miner-
alogical phase and disagreements in the band
frequencies may be related to the varying
chemical make-up of the mineral phases. In our
case, the chemical composition and the miner-
alogical characteristics of the sample studied by

Raman spectroscopy have been defined carefully,
to make future comparative studies more fruitful.
Raman spectroscopy proved to be a simple and
effective technique for distinguishing between all
the asbestos phases studied. The vibrational
modes of the different Si—O bonds have been
proven to vibrate at different frequencies even in
mineral phases with similar mineralogical char-
acteristics. Consideration of the frequency of the
symmetric stretching modes of the Si—O,—Si
groups allows identification of the mineralogical
phase, except in anthophyllite and tremolite
where the most important band lies very close
(674 and 676 cm™', respectively). These two
minerals can nonetheless be easily distinguished
from the region 900—1100 cm™!, where they
show distinctly different bands. In fact, the
spectral region 900—1100 cm ™' allows all the
mineralogical phases to be easily identified. These
considerations, along with the fact that Raman
spectrometry requires only a single bundle of
fibres for analysis and no experimental prepara-
tion of the samples, indicate that Raman spectro-
scopy is a useful technique for distinguishing
casily between the different mineral phases.
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