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Abstract

The dehydroxylation of natural chrysotile and the subsequent phase change to forsterite was
studied by in situ micro-Raman and micro-FTIR spectroscopy in the temperature range of 21
°C to 871 °C. Comparisons were made with previously published data of lizardite-1T. Micro-
Raman spectra obtained in the low-frequency (100-1200 cm™) and high-frequency range
(3500-3800 cm™) were complemented by micro-FTIR measurements between 2500 and 4000
cm™ in order to study changes in the chrysotile structure as function of dehydroxylation
progress. In general, room-temperature chrysotile bands lie at higher wavenumbers than
equivalent bands of lizardite-1T except of three bands positioned at 301.7 cm™, 317.5 cm™
and 345.2 cm™. Different band assignments of chrysotile and lizardite-1T Raman spectra from
literature are compared. Most striking assignments concern the three aforementioned Raman
bands and those lying between 620 cm™ and 635 cm™. The herein presented data support a
chrysotile-related or at least curved TO layer related origin of the latter. Deconvolution of
overlapping OH stretching bands at room-temperature revealed the presence of five (FTIR)
and four (Raman) bands, respectively. A slight change in the ditrigonal distortion angle o
during heating and the effects of a radius-dependent dehydroxylation progress can be shown.

Furthermore, it was possible to identify a quenchable talc-like phase immediately after the
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onset of the dehydroxylation at 459 °C. Main bands of this phase are positioned at 184.7 cm™,
359.2 cm™ and 669.1 cm™ and a single OH band at 3677 cm™, and are thus quite similar to
those reported for dehydroxylating lizardite-1T. Their appearance coincides with the
formation of forsterite. A maximum in the integral intensity of the talc-like intermediate is
reached at 716 °C. At higher temperatures the intermediate phase breaks down and supports
the accelerated growth of forsterite. The lack of OH bands, but the appearance of broad
chrysotile-related modes in the low-frequency range after heating the sample to 871 °C
indicates the presence of a heavily disordered phase still resembling chrysotile. However,
there are no spectral evidences for further Si- and/or Mg-rich amorphous phases during the
dehydroxylation and no indications for a relationship between the breakdown of the talc-like

phase and the growth of enstatite as previously reported in literature.

Keywords: Chrysotile, dehydroxylation, in situ micro-Raman and micro-FTIR spectroscopy,

talc-like intermediate
1. Introduction

Chrysotile is a member of the serpentine group with an ideal formula Mg;Si;Os(OH)a.
Common building blocks of this group are octahedrally-coordinated (O) brucite-like sheets
linked with tetrahedrally-coordinated (T) sheets of SiO4 which form a trioctahedral 1:1 (TO)
layer phyllosilicate. The misfit between both sheets gives rise to a variety of modulated
polymorphs of the flat layered lizardite, such as antigorite with undulating layers and
chrysotile with wrapped cylindrical layers, but also rare species like polygonal and polyhedral
serpentine (Wicks and Whittaker 1975, Grobety 2003, Dédony and Buseck 2004, Cressey et
al. 2008). X-ray diffraction (XRD) and high-resolution transmission electron microscopy
(HRTEM) revealed the existence of different chrysotile polytypes. Known polytypes are
clino-, ortho- and parachrysotile, while clinochrysotile is the most abundant one (Wicks and

O’Hanley 1988).
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Physico-chemical properties of chrysotile, e.g., the dehydroxylation temperature, are likely to
change with the radius of the fiber owing to slight changes of structural parameters (e.g., bond
lengths and angles) with curvature (Evans 2004). This behavior causes a continuous phase
transformation starting on the chrysotile wall edges at approximately 450 °C and propagating
to the inner wall, where the layers start to dehydroxylate only above 600 °C (Viti 2010).
Literature on the thermal behavior of chrysotile is extensive due to the peculiar structure, the
excellent heat resistance and insulating properties of chrysotile (= white asbestos) compounds
(e.g., Ball and Taylor 1963, Brindley and Hayami 1963a and b, Martin 1977, Datta et al.
1987, Candela et al. 2007). Early articles by Aruja (1943), Hey and Bannister (1948) and
Brindley and Zussman (1957) have studied the phase transformation from chrysotile to
forsterite. They observed an amorphous phase as primary product of dehydroxylation,
followed by forsterite. Their results indicate a topotactic relationship between primary
chrysotile and forsterite, despite the intervening amorphous phase. Among others, Brindley
and Zussman (1957) also documented the presence of a potential poorly crystalline
intermediate phase on the base of a low-angle XRD peak at around 14 A, shifting to 10 A
with progressive heating. A series of studies also focused on the structure of (a) potential
intermediate phase(s) without identifying such (a) phase(s) in detail (Ball and Taylor 1963,
Brindley and Hayami 1963a and b, Martin 1977, Jolicoeur and Duchesne 1981, Datta et al.
1987, Datta 1991). Based on nuclear magnetic resonance (NMR) studies, MacKenzie and
Meinhold (1994) suggested the occurrence of a talc-like intermediate during “dry”
dehydroxylation which they labeled as “dehydroxylated II”. Talc is a stable product phase
during the dehydroxylation of serpentine under hydrothermal conditions (Ball and Taylor
1963, O’Hanley et al. 1989). Among XRD and FTIR results, McKelvy et al. (2004, 2006)
made first principle simulations of the lizardite dehydroxylation process which gave as
product phase an intermediate, “meta-serpentine”, ~ 14 A phase, plus an amorphous phase.

They explain the formation of the meta-serpentine phase with a lamellar nucleation and
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growth mechanism leading to a strong topotactic relationship between primary serpentine and
the 14 A phase. Recent studies on the dehydroxylation mechanisms and kinetics of chrysotile
and serpentine minerals in general have gained growing interest (Cattaneo et al. 2003, Viti
2010, Gualtieri et al. 2012). This is caused by an enhanced interest in subduction zone
seismicity, inertisation of asbestiform waste, CO, sequestration and the demand for a cost-

efficient and simple way to distinguish serpentine polymorphs.

This study presents in situ micro-Raman and micro-FTIR investigations of the
dehydroxylation of chrysotile, which will be compared with recently published data on the

dehydroxylation of lizardite-1T (Trittschack et al. 2012).
2. Experimental methods
Sample material

The investigated chrysotile sample was taken from a chrysotile vein in a serpentinite of the
mineral collection of the University of Fribourg/ Switzerland without details of origin
(internal reference chry 33/12). Transmission electron microscopy based energy-dispersive
spectroscopy (TEM-EDS) studies yield 51.2 wt% MgO, 48.0 wt% SiO, and 0.1 wt% FeO"
which fits an almost pure Mg end-member. The resulting XRD spectrum is close to the I[CDD
reference patterns 25-0645 and 10-0381 of clinochrysotile and shows no additional peaks
(Fig. 1). Selected area electron diffraction (SAED) patterns are compatible with XRD data
and exclude the presence of parachrysotile (Fig. 2), although it is not possible to distinguish
clearly between clino- and orthochrysotile. HRTEM based measurements of the outer
diameter gives values between 23 nm and 85 nm, but more than 75 % of the measured fibers

lie in the range between 30 nm and 60 nm.

As a reference for the interpretation of the chrysotile Raman measurements, spectra of a

lizardite-1T single crystal from the Monte Fico quarries, Elba Island/Italy, were used (private
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collection, Marcello Mellini). Mellini and Viti (1994) and Fuchs et al. (1998) provided

comprehensive mineralogical and chemical data of this sample.

Raman and FTIR experiments were carried out on sub-parallel fiber bundles positioned in a
heat-resistant sapphire crucible. The Monte Fico single crystal was independently measured in

the same sapphire crucible with an orientation C parallel to the incident Raman laser beam.
FTIR and Raman spectroscopy

Micro-FTIR measurements were performed with a Bruker VERTEX 80v spectrometer
attached to a Hyperion1000 FTIR microscope at the GeoForschungsZentrum Potsdam (GFZ
Potsdam/Germany). Spectra were collected in the 2500-4000 cm™ frequency range using a
LN-INSB D413 detector, a KBr beamsplitter and a 6 mm aperture in transmission mode. Each
spectrum was measured with a resolution of 2 cm™ and averaged over 60 individual scans
resulting in a measurement interval of about 64 sec. A 10 x 40 um sized area of sub-parallel

fibers was chosen to collect FTIR spectra of chrysotile.

Micro-Raman investigations were carried out with a HORIBA HR 800 UV spectrometer
(grating 1800 grooves/mm, focal length 800 mm, 1024 x 256 pixel CCD detector) connected
to a XY adjustable stage and an Olympus BX41 microscope (20x objective, backscattering
configuration) at the GFZ Potsdam. A confocal pinhole of 100 um was used for all
measurements. The Raman setup used offers a spectral resolution of about 1 cm™. The Raman
spectrometer was run with an argon laser (488 nm, 300 mW) and calibrated against the
emission bands of a neon lamp. The illuminated diameter on the sample surface yields 4.4 um
considering the used Raman setup. Spectra acquisition time was 40 sec and 3 spectra were
cumulated for each temperature step. In general, spectra were measured in the frequency

range of 100-1200 cm™ and 3500-3800 cm™.
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In situ high-temperature (HT) micro-FTIR and micro-Raman measurements were performed
by using a software-controlled Linkam TS1000 heating stage placed onto the FTIR and
Raman microscope stage. The thermocouple was calibrated using the melting points of
different salts: NaNO; (Ty - 306 °C), Nal (Ty - 651 °C) and NaCl (Ty - 801 °C). The 0 °C
point was included in the calibration line. To guarantee a rapid removal of the water generated

during the dehydroxylation a constant flow of nitrogen was adjusted.

FTIR spectra of chrysotile were successively measured at 21 °C, 98 °C, 201 °C, 304 °C, 356
°C, 407 °C, 433 °C and 459 °C with a constant heating rate of 130 °C/min between the
respective temperatures. For temperatures higher than 459 °C an automated
measuring/heating cycle was programmed up to a maximum temperature of 871 °C (heating
rate B = 1 °C/min, single acquisition time 64 sec). Raman data of one single fiber bundle were
subsequently acquired at 21 °C, 47 °C, 98 °C", 150 °C", 201 °C", 253 °C", 304 °C’, 356 °C’,
407 °C”, 459 °C”, 484 °C, 510 °C, 562 °C, 587 °C, 613 °C’, 639 °C, 665 °C", 690 °C, 716
°C, 768 °C" and 871 °C". The dwell time amounts to around 8 minutes at the respective
temperatures owing to the experimental conditions. The heating rate between each
temperature level was fixed at B = 100 °C/min. Additional low-temperature spectra, referred
as “quenched” data, were taken from samples heated to temperatures marked by a star and
cooling them down to 47 °C. Afterwards the sample was heated up to the next higher
temperature. Thus, the chrysotile bundle were cyclically heated and quenched down several
times which result in total experiment duration of around 8.5 hours. The stability of the
Raman shift was checked by an artificial, non-sample related band at 416.8 cm™ at RT (Fig.

3).

The Raman spectra were corrected for temperature- and frequency-dependent scattering
intensity by the method provided by Long (1977). Afterwards, the Raman intensities were

normalized to the temperature providing the greatest absolute intensity.
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Fitting procedure

PeakFit (v4.12) was used to perform peak deconvolution and integration of all FTIR and
Raman spectra. The low-frequency range (100-1200 cm™) and high-frequency range (3500-
3800 cm’') of the Raman data were treated independently. Spectra smoothing was done by the
implemented Savitzky-Golay algorithm. After baseline subtraction (linear baseline), all
spectra were fitted using a combined Gaussian-Lorentzian Amp function with the base and the
full width at half maximum (FWHM) as refinable parameters. A minimum number of peaks

was chosen to guarantee a best fit as shown by Auzende et al. (2004).
3. Results
Raman and FTIR spectra at ambient conditions

The chrysotile sample was measured at ambient conditions in the low-frequency range (100-
1200 cm™). A comparison with the Monte Fico lizardite-1T and a reference spectrum of
chrysotile from the RRUFF database (Downs 2006) is shown in Figure 4. Five major bands
are located at 129.3 cm™, 233.3 cm™, 389.4 cm™, 691.3 cm™ and 1105.4 cm™, which are
accompanied by a series of less intense band (Fig. 4, Table 1). In general, all low-frequency
bands are in good agreement with the RRUFF reference spectrum R070088 of chrysotile
(Downs 2006) and data reported by Kloprogge et al. 1999, Rinaudo et al. (2003) and Auzende
et al. (2004). Compared to lizardite-1T (Trittschack et al. 2012), chrysotile bands lie at higher

wavenumbers than equivalent lizardite modes (Fig. 4, Table 1).

Three bands at 301.7 cm™, 317.5 cm™ and 345.2 cm™ whose assignments are still under
discussion (Farmer 1974, Kloprogge et al. 1999, Hofmeister and Bowey 2006) are an
exception to this rule. They are located at lower wavenumbers with respect to the equivalent
bands of lizardite-1T (Trittschack et al. 2012). Highly sensitive deformation modes of SiOy4-

AlQ4 as reported for the Monte Fico lizardite sample and antigorite (Rinaudo et al. 2003,
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Trittschack et al. 2012) are not present, which is compatible with the TEM-EDS based
aluminum free composition of the analyzed chrysotile sample. The most significant difference
between lizardite and chrysotile occurs in the region of the antisymmetric Si-O stretching
modes. Whereas lizardite shows at least two bands belonging to v,s Si-Oyp and v,s Si-Op-Si,
chrysotile shows only one detectable band assigned to v,s Si-Opp, i.€., an antisymmetric

stretching mode perpendicular to the tetrahedral sheet (Kloprogge et al. 1999).

The high-frequency range (3500-3800 cm™) is characterized by hydroxyl stretching vibrations
which are listed and compared with that of lizardite-1T in Table 1. The RT band
deconvolution (Fig. 5) gives five IR (3645 cm™, 3663 cm™, 3682 cm™, 3695 cm™, 3702 cm™)
and four Raman bands (3649 cm'l, 3681 cm'l, 3688 cm'l, 3697 cm'l), respectively. The shape
and the relative intensity/absorbance of single OH stretching bands differ considerably
between Raman and FTIR spectra. Thus, the Raman spectrum contains four bands as
proposed by Kloprogge et al. (1999), but the two additional bands (six in total) reported by
Auzende et al. (2004) were not observed. Contrary to that, there is a higher number of infrared
(IR) active bands, i.e., five compared to two, as formerly reported (Farmer 1974, Post and
Borer 2000, Anbalagan et al. 2010). Similar observations were already made in spectroscopic
investigation of lizardite-1T (Trittschack et al. 2012), i.e., there are more IR bands, but less
Raman bands than reported in literature. Band assignments were made using the scheme of
Balan et al. (2002) for lizardite and its application proposed for other serpentine polymorphs

(Auzende et al. 2004). Adjacent bands are interpreted as originating from the same mode.
High-temperature FTIR and Raman spectroscopy of the dehydroxylation of chrysotile

The treatment and interpretation of the in situ HT spectra of chrysotile were done in similar
manner as for lizardite-1T by Trittschack et al. (2012) in order to show differences related to
the polymorphic character of both serpentine minerals. Only strong bands (Fig. 4) were

followed in detail during the temperature treatment because of band broadening and a rapid
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decrease of the signal-to-noise ratio with increasing temperature. A major increase of the
background intensity is present in the spectra measured at 201 °C to 356 °C (Fig. 6). In
general, the frequency of all chrysotile modes in the low-frequency range shows a negative
dependence on temperature in the HT as well as the quenched data. Individual Raman bands
such as the A;; mode (201.9 cm’ at RT) and the symmetrical stretching mode of Si-Oy-Si
(691.3 cm™ at RT) are additionally characterized by band splitting at 459 °C, with a new band
appearing at lower wavenumbers than that of the existing band (Figs. 6, 7a-7b and 8). A
common feature of all studied bands preventing a linear fit across the entire temperature range
is a rapid shift down to a minimum in wavenumber position at 356 °C and 407 °C before
going slightly up again at T > 459 °C, i.e., the temperature at which first forsterite bands are
visible. Above this temperature there might be some kind of plateau or even a decelerated
shift until T = 665 °C, especially in data of the O3-H3++*O2 and the sym vs(e) SiO4s modes.
Afterwards, individual bands shift again to lower wavenumbers and disappear almost
completely due to a fast decrease in intensity. There is a considerable difference in the total
amount of temperature-dependent frequency change when comparing the O-Si-O bending

mode (Fig. 8a) with all other modes shown in Fig. 8.

The integral intensity/absorbance of the chrysotile modes in the low-frequency range are
characterized by a stepwise decrease. Major steps occur between 356 °C and 407 °C (Raman
data) as well as 613 °C and 639 °C (Raman and FTIR data). The first intensity decrease is
accompanied by a slightly delayed appearance of new bands initially located at around 182
cem’, 668 cm™, 815 cm™! and 849 c¢cm™ at 459 °C, the intensity of which increase with
temperature. Spectra taken at 716 °C contain additional broad bands at around 351 cm™, 598
cm™” and 951 cm™ (HT data, Fig. 7a). All newly formed bands survive up to 871 °C except of
the bands at 182 cm™, 351 cm™ and 668 cm™ which lose their intensity above 768 °C.

Chrysotile-like features still observable in situ at 871 °C are the modes at 233.3 cm™ (RT) and
ry
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691.3 cm™ (RT), although there are more striking in the subsequently quenched spectrum

measured at 47 °C (Fig. 7b).

In situ monitoring of the integral intensity of individual OH bands would be an elegant
technique to obtain structural details of the dehydroxylation process. Unfortunately the
resolution both in the HT FTIR and the Raman spectra does not allow proper deconvolution
of the individual overlapping OH bands. Therefore, the dehydroxylation progress was
monitored by changes in integral intensity/absorbance of the entire OH band region only. The
HT FTIR dataset shows a sharp decrease in the integral absorbance starting at around 580 °C
(Fig. 9a) and going down to less than 10 % of the initial value (corresponds approximately to
the detection limit for the entire OH bands) at 650 °C. This reduction coincides with the
decrease in integral intensity of the Raman OH bands observed in both the HT and quenched
spectra (Figs. 9b-9c), although a first decrease in OH band intensity is already visible between
304 °C and 356 °C. The temperature range in the FTIR data between onset (at around 580 °C)
and offset (at around 650 °C) of the dehydroxylation is much narrower than in DTG data
(e.g., Viti 2010), which is typically separated by an interval of more than 200 K independent
of the chosen heating rate. The loss of intensity/absorbance is accompanied by a significant
non-linear shift toward lower wavenumbers in both FTIR and Raman data. The total shift
amounts to about 32 cm™ for the strongest OH Raman band at 3697 cm™. Compared to the
quenched dataset, HT data of the OH stretching region contain no clear indication for the

appearance of a newly formed OH band.
FTIR and Raman spectroscopy of quenched samples

Spectra were also obtained from samples quenched to 47 °C after reaching the set temperature
of the thermal treatment (see methods section) in order to improve the signal-to-noise ratio
and the band resolution. Thus, it was possible to identify weak bands and band splitting much

easier than at high temperatures. A comparison between the HT and quenched dataset can be
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done by using Figs. 7a-7b. Here, weak bands of newly formed phases and remaining bands of
a dehydroxylating chrysotile stand out much better (Table 2). Moreover, quenched spectra
facilitate band assignments by comparison with Raman database entries (Fig. 10) and to

deconvolute and to assign weak bands appearing as shoulders only.

Spectra of quenched samples confirm the appearance of new bands, e.g., at 182 cm™, 669 cm’
"and 822 cm™. In spectra from quenched samples they already appear at lower temperatures
than in HT spectra. The splitting of the Si-Oy-Si is also better resolved. Inspection of the OH
stretching vibrations reveals a band splitting or at least an increase in intensity at the low-
frequency side of the major chrysotile OH band. Above 665°C, the low frequency shoulder
turns into a narrow single OH band centered at 3677 cm™ at the expense of primary chrysotile
modes (Fig. 11a). This band is most striking in the quenched spectrum measured at 47 °C

after reaching 768 °C, but is already visible at 665 °C.

4. Discussion
Raman and FTIR spectra at ambient conditions

The number and frequency position of Raman bands in the low-frequency range (Table 1, Fig.
4) agrees well with literature data of chrysotile (e.g., Bard et al. 1997, Kloprogge et al. 1999,
Rinaudo et al. 2003, Auzende et al. 2004). However, Kloprogge et al. (1999) list additional
Raman bands at 374 cm’, 607 cm”, 629 cm™’ and 709 cm’ originating from band
deconvolution in the low-frequency range. Considering the degrees of freedom in choosing
the parameters for band deconvolution as shown for chrysotile OH bands by Mizukami et al.
(2007) it would also be possible to fit the 389.4 cm™ and 623.3 cm™ single bands in our data
as potential double bands or even triplets, respectively. The Raman band doublet at 705 cm™
and 709 cm' in the data of Kloprogge et al. (1999) might be due to the measurement

geometry. The spectra were obtained from crystallographically oriented samples. The

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

711



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4352

Revision 1 The dehydroxylation of chrysotile: A combined in situ micro-FTIR and micro-Raman study.
page 12

chrysotile fibers in the present samples have arbitrary orientation and orientation dependent

features were not considered in this study.

The assignments of the chrysotile low-frequency bands (Table 1) were taken from Kloprogge
et al. (1999) because of almost all recent papers dealing with Raman band assignments of
serpentine minerals going back to this article or the paper of Rinaudo et al. (2003). The latter
uses the assignments of Kloprogge et al. (1999) for other serpentine minerals also. However,
band assignments of serpentine minerals are not straightforward and have to be taken with
care considering the considerable discrepancies between the assignment schemes presented in
previous investigations (Luys et al. 1982, Kloprogge et al. 1999, Rinaudo et al. 2003,
Hofmeister and Bowey 2006, Sontevska et al. 2007, Prencipe et al. 2009). A good example
for such discrepancies are the diagnostic Raman bands between 620 cm™ and 635 cm™
observed in experimental spectra of lizardite-1T and chrysotile. These are assigned as
antisymmetric OH-Mg-OH translation modes of lizardite and chrysotile by Rinaudo et al.
(2003). But, Luys et al. (1982) assigned these bands to in-plane Mg(O,0H); stretching modes
originating from curved TO layers. The fact that these bands do not appear in the calculated
spectrum of lizardite-1T by Prencipe et al. (2009) is in favor of the latter interpretation.
Therefore, the occurrence of 630 cm™ and 635 cm™ bands in Raman spectra of lizardite and
antigorite presented by Rinaudo et al. (2003), is probably related to chrysotile impurities

and/or the presence of curled lizardite as observed by Trittschack et al. (2012).

Wavenumber differences between the Raman bands of chrysotile and lizardite-1T are minor,
especially when compared with the equivalent differences in the IR spectra of both
polymorphs (Yariv and Heller-Kallei 1975), which are more distinct. Differences A <1 cm’
are interpreted as related to measurement errors and/or the band fitting procedure and thus
only differences A > 1 cm™ are considered. Band displacement resulting from different

Raman laser wavelengths as suggested by Sontevska et al. (2007) can be excluded because of

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

711



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4352

Revision 1 The dehydroxylation of chrysotile: A combined in situ micro-FTIR and micro-Raman study.
page 13

the same Raman system used for the previous analysis of lizardite (Trittschack et al. 2012)
and the present chrysotile measurements. Difference A > 1 cm™ may be caused either by
substitution (Farmer 1974, Yariv and Heller-Kallei 1975) or by the structural differences
between lizardite and chrysotile. Structural differences are both long range scale, i.e., flat
lizardite versus curved chrysotile, and short range scale, i.e., distortion of polyhedra (Blaha
and Rosasco 1978). Considering the almost end-member stoichiometry of both the chrysotile
used for this investigation and the lizardite-1T studied by Trittschack et al. (2012), we tend to
associate the observed differences with the contrasting structures of both phases. It is
interesting to note, that the largest differences are observed for bands representing tetrahedral
units. In this context, the assignment of chrysotile bands at 301.7 cm™, 317.5 cm™ and 345.2
em’ is disputed. Kloprogge et al (1999) attribute these bands to bending modes of SiOy,
whereas Hofmeister and Bowey (2006) assign them to Mg-O stretching modes. Their
common negative shift compared to the frequencies observed in lizardite speaks for a
common structural origin, i.e., all are either tetrahedral or octahedral modes. The large shift is

rather in favor of modes in the tetrahedral sheet.

There are also discrepancies in the number, frequencies and assignments of OH stretching
modes presented in previous FTIR and Raman investigations of serpentine minerals
(Kloprogge et al. 1999, Balan et al. 2002, Auzende et al. 2004, Mizukami et al. 2007,
Prencipe et al. 2009, Trittschack et al. 2012). In general, older literature document just two IR
active bands at 3651 cm™” and 3697 cm™ (Farmer 1974) and two Raman active bands at
around 3685 cm™ and 3700 cm™ (Bard et al. 1997), respectively. These findings are mostly
caused by the lack of band deconvolution. In recent literature, more bands in chrysotile
spectra were reported and assignments were done using the schemes established for lizardite
(Balan et al. 2002). Group theory considerations give four Raman active OH stretching

vibrations for lizardite-1T (C;y factor group). First-principle calculations of Balan et al. (2002)
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and Prencipe et al. (2009) result in three IR active OH stretching modes and three Raman
active modes plus a contribution of one longitudinal-optical (LO) mode of lizardite-1T,
respectively. A higher number of modes than in lizardite are to be expected due to the curved
layers and a higher degree of disorder in chrysotile (Devouard and Baronnet 1995, Auzende et
al. 2004). The OH stretching band assignments used in this work are in accordance with the
scheme proposed for lizardite by Balan et al. (2002). This scheme was already used for high-
pressure Raman spectra of chrysotile (Auzende et al. 2004, Mizukami et al. 2007), the
ambient spectra of which are comparable to the present ones. Narrow bands in the high
frequency side of the Raman OH bands, i.e., at 3681 cm” and 3688 cm™, are attributed to LO-
TO splitting of the in-phase stretching mode of the inner-surface OH groups as proposed by
Prencipe et al. (2009). The same splitting was experimentally documented for lizardite-1T by
Trittschack et al. (2012). However, as already mentioned, there is a high degree of freedom
when applying band deconvolution techniques (see Mizukami et al. (2007)). Thus, only state-
of-the-art ab initio techniques are suited to unravel the exact number of vibrational bands
considering the influence of substitution, crystal defects or such physical influences like LO-
TO splitting. The two adjacent IR bands at 3695 cm™ and 3702 cm™ are probably caused by a
minor substitutional exchange of Mg by Fe (Yariv and Heller-Kallei 1975) or a distortion of
the SiO4 tetrahedra (Blaha and Rosasco 1978). LO-TO splitting as cause for an OH band
multiplication in FTIR data can be excluded due to the size of individual chrysotile fibers with
respect to the IR wavelength range. A band occurring between the out-of-phase stretching and
the in-phase stretching mode of the inner-surface OH, which is not present in the Balan et al.
(2002) scheme, was already observed in spectra of lizardite-1T (Trittschack et al. 2012). This
band has been attributed to non-structural OH in the case of lizardite, although a

deconvolution artifact cannot be excluded (Trittschack et al. 2012).

The chrysotile phase transformation as seen in the OH stretching band range
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The dehydroxylation of chrysotile as deduced from the decrease in integral
absorbance/intensity of OH stretching modes (Figs. 9a-9c) starts approximately at the same
temperature as the onset of the weight loss in published differential thermogravimetric (DTG)
data of chrysotile (Viti 2010). However, the total dehydroxylation interval in spectroscopic
data is much narrower than that recorded by DTG, a fact already observed in the
dehydroxylation of lizardite (Trittschack et al. 2012). This difference is related to the nature
of the measured signals, i.e., debonding of hydroxyl groups lead to the signal decrease in
FTIR/Raman data, whereas the diffusion of reaction products out of the sample is responsible
for the weight loss in the solid sample, which is monitored by DTG. The latter is delayed
relative to the hydroxyl debonding reactions. The stepwise decrease in Raman intensity as
recognizable from the OH Raman bands (Figs. 9b and 9¢) demonstrates a more complex
reaction path than observable by FTIR alone. Thus, we suggest two interpretation models for
the herein documented Raman band changes which are linked to each other: 1) A decrease in
the integral OH Raman intensity at temperatures lower than 400 °C could be caused by
temperature-induced reorientation of single chrysotile fibers within the fiber bundle as the
intensity of OH Raman bands is also a function of the fiber orientation (Kloprogge et al.
1999); 2) An early order/disorder phase transition in the outer, less temperature resistant
chrysotile layers is also possible. Such an interpretation would partly support the
interpretation of Candela et al. (2007) who suggest an increase in the degree of order at
temperatures between 400 °C and 450 °C. Interestingly, Cattaneo et al. (2002) also document
a slight increase in their summed integrated XRD peak intensity between 400 °C and 500 °C
which can also be interpreted as an indication for increased order. However, in any case such
a transition would also cause reorientation of OH and therefore a change in the Raman
intensity. Moreover, Malkov et al. (2009) document an early release of OH in the temperature
range of 20 °C to 400 °C. Their calculations yield a loss in OH of almost 2 mmol/g which is

equal to around 12.7 % of the initial amount of OH.
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Generally, the chrysotile structure and in particular the average curvature changes during
dehydroxylation. The dehydroxylation temperature of the individual chrysotile layers is
radius-dependent, i.e., the outer, less curved layers, dehydroxylate at lower temperatures than
the inner ones (Evans 2004). As long as the maximum experimental temperature is lower than
the onset of the dehydroxylation in the outermost layer, the average curvature in the quenched
samples is equal to the value in the starting sample. This assumption is fulfilled as shown in
Fig. 11. Accordingly, a broadening of the OH stretching region in HT and quenched data is
expected after the onset of the dehydroxylation resulting from progressive disorder moving
inwards. Then, the resulting OH mode pattern would consist of OH modes coming from the
primary chrysotile and a disordered one. This assumption can also be verified by the
presented OH band development in Fig. 11 showing a comparable OH band pattern up to 253
°C with respect to the initial sample. Although diminishing in intensity, the position of the
main OH band at 3697 cm™ keeps fixed (in quenched data) as long as the inner chrysotile
layers are not affected by dehydroxylation. Afterwards a significant broadening can be

detected in both HT and quenched data (Fig. 11), respectively.

A rather simple model of chrysotile as shown by D’Arco et al. (2009) enables us to use a
compatible dehydroxylation model as for lizardite-1T (Trittschack and Grobéty 2012). There,
the distance between adjacent OH groups in lizardite-1T counts as a trigger for a preferential
loss of protons and finally causing disorder and creating a host for a potential intermediate
phase. The appearance of a new OH band at 3677 cm™ (quenched sample), which is the only
visible OH stretching band after heating the sample to 768 °C, is an indication for the
formation of an intermediate phase other than the ill crystallized primary product and
forsterite. This single OH band is compatible with the OH band position of talc at RT
(Fumagalli et al. 2001), an interpretation strongly supported by newly formed bands in the

low-frequency range and discussed in detail in the following section. The lack of this OH
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band at 871 °C and in the spectrum of the subsequently quenched sample indicates that this

intermediate breaks down between 768 °C and 871 °C.
The chrysotile phase transformation as seen in the low-frequency range (100-1200 cm™)

Frequency shifts, intensity loss and appearance of new bands also characterize the low-
frequency range of both quenched samples and HT spectra independent of the temperature of
the heat treatment (Figs. 6-9). Considering the small difference between the frequencies
observed in chrysotile compared to lizardite (Fig. 4, Table 1), the influence of the curvature
on the frequency of individual bands seems to be small. The measurement errors related to
sample refocusing due to the thermal expansion of the sample holder and the chrysotile itself
are not helping in determining small permanent frequency shifts. The layer volume
corresponding to a certain curvature decreases with increasing curvature, e.g., the overall

impact on the spectra of the outer, less curved layers is larger than that of the inner layers.

The local frequency minima at 356 °C and 407 °C and the following plateau are interpreted as
a first step in the phase transformation which takes place in the outer, less curved layers. This
is again in favor with the findings of Candela et al. (2007). But, comparable experiments by
Gualtieri et al. (2012) have not confirmed such a behavior. Nevertheless, the local minima
observable in the low-frequency Raman bands are supported by the first significant decrease
in the integral intensities of OH Raman bands between 304 °C and 356 °C (Figs. 6, 7 and 9).
The apparent loss of OH and the significant step to lower wavenumbers might by
interpretable as a loss of primary chrysotile features. But, a recrystallization to a chrysotile
with different radii at higher temperatures as proposed by Candela et al. (2007) seems to be
problematic due to the loss of primary OH. Unfortunately, there is no further literature on the
phase transformation and dehydroxylation behavior of chrysotile supporting such low-
temperature (T < ~ 450 °C) recrystallization effects which could also support a better

understanding of our own data.
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The overall phase change is not restricted to a narrow temperature interval like in lizardite,
but a broad temperature range with a “transition” zone between 407 °C and 768 °C (Figs. 6,
7a-7b). The maximum stability temperature of chrysotile is in accordance with recently
published data (Gualtieri et al. 2012). This transition zone is characterized by the coexistence
of chrysotile, a “disordered chrysotile” plus a quenchable talc-like phase and forsterite as
interpreted from the wavenumber positions of quenched samples at 47 °C (Table 2, Fig. 10).
The “disordered chrysotile” is an almost OH free phase containing remnants of the primary
structure as interpreted from missing hydroxyl bands, but still appearing chrysotile-
compatible bands in the low-frequency range (Figs. 6, 7b, 8c and 10). Such an OH poor,
amorphous phase occurred also during the dehydroxylation of lizardite (McKelvy et al. 2006,
Trittschack et al. 2012). The most striking band of the talc-like intermediate lies at 184.7 cm™
followed by less intense bands at 359.2 cm™ and 669.1 cm™ (Figs. 7a-7b and 10). It is labeled
as “talc-like” due to the deviations of measured Raman modes when comparing them with
those reported for talc in literature (Table 2, Downs 2006). Moreover, there are no clear
evidences in previous XRD based literature for the presence of talc, but the appearance of a
talc-like and rapidly changing 10+ A peak. Forsterite can easily be identified by the
remarkable doublet at 823 cm™ and 856 cm™ and a smaller doublet at 589 cm™ and 607 cm’™
(Figs. 7a-7b and 10). The appearance of an intermediate phase during the “dry”
dehydroxylation of chrysotile is compatible with existing reaction schemes (Ball and Taylor
1963, Brindley and Hayami 1965, Martin 1977, Datta 1991). The talc-like character was
firstly proposed by MacKenzie and Meinhold (1994) based on NMR analysis. Gualtieri et al.
(2012) and Trittschack et al. (2012) have also found evidence of a talc-like phase in in situ HT
X-ray powder diffraction and Raman spectra of partially dehydroxylated lizardite. The
presence of a talc-like intermediate is not surprising as talc is a stable product during the
breakdown of chrysotile and lizardite under hydrothermal conditions (Ball and Taylor 1963,

O’Hanley et al. 1989). MacKenzie and Meinhold (1994) explained the appearance of a talc-
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like intermediate with the possibility of quasi-hydrothermal conditions in the innermost layers
of chrysotile. Such conditions might not be limited to the innermost layers as demonstrated by
the first appearance of talc-like features at 459 °C (Figs. 7a-7b and 9d), i.e., early after the
Raman/FTIR detectable onset of dehydroxylation (Figs. 9a-9c) and the DTG detectable onset
of dehydration (Viti 2010). What can be stated at this point is that hydrothermal conditions
have to be achieved in certain parts of the changing host-structure during the dehydroxylation
of chrysotile and lizardite. The formation of a disordered, OH free chrysotile intermediate
inhibiting the diffusion of H,O or OH might be the reason for a locally enrichment of volatile

dehydroxylation products.

The accelerated growth of the talc-like intermediate at temperatures > 613 °C is mirrored by a
strong decrease in the intensity of chrysotile bands (Figs. 9d and 9e). This behavior implies an
immediate nucleation and growth of the talc-like phase during the dehydroxylation. Owing to
the contemporaneous appearance of the talc-like phase and forsterite at 459 °C it is not
possible to state whether the intermediate is necessary or not to form forsterite. However, the
accelerated increase in intensity of the Si-O stretching mode doublet of forsterite after the
maximum intensity of the talc-like phase at 716 °C suggest a strong interrelation. The fact that
forsterite shows the largest integral intensity at 871 °C point to an unfinished growth. The
breakdown of the talc-like intermediate is not accompanied by the formation of enstatite as
proposed for antigorite by Gualtieri et al. (2012). The absence of enstatite is either related to
an unfinished breakdown of the chrysotile structure preventing a formation of the inosilicate
or kinetic effects in general. However, both possibilities are linked to each other as the
chrysotile breakdown itself is a time-dependent, i.e., kinetic-controlled, reaction (Candela et
al. 2007). The exposure time at T > 800 °C is less than 10 min which is also not favorable for
a formation of enstatite. The formation of a Si-rich amorphous phase as dehydroxylation

product as inferred from in situ X-ray diffraction (Ball and Taylor 1963, Martin 1977,
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MacKenzie and Meinhold 1994, Gualtieri et al. 2012) is difficult to prove by the present
spectroscopic data, as all Raman bands in the HT and quenched spectra can be assigned to
known crystalline phases, i.e., talc-, chrysotile- and forsterite-related modes. The broadened
chrysotile bands point to a decrease in crystallinity and what was called amorphous phase by
previous authors is rather a heavily disordered phase still resembling chrysotile. Such a
disordered chrysotile phase might be similar to the dehydroxylate II using the nomenclature of
MacKenzie and Meinhold (1994). The latter argue that the NMR shift of this dehydroxylated
II is compatible with a 1:1 layer structure of chrysotile in general, i.e., dehydroxylated II is
still containing elements of the primary chrysotile structure, although disordered. They also
demonstrate its presence above 800 °C which is compatible with the herein documented data.
However, MacKenzie and Meinhold (1994) suggest either a phase similar to talc or a phase
still containing structural elements of chrysotile for their dehydroxylated II. Their phrases

exclude therefore an unambiguous assignment.

The frequency change of the O-Si-O bending mode (~ 129 cm™ at RT), which is a measure of
the change in ditrigonal distortion o (Mookherjee & Redfern 2002), is nearly one order of
magnitude smaller than the rest of the chrysotile bands. Weak dependency of o on
temperature was already observed for lizardite-1T upon heating as shown by HT Raman
(Trittschack et al. 2012) and XRD studies (Guggenheim and Zhan 1998). The possibility to fit
the O-Si-O bending mode with just one band with nearly constant FWHM upon the entire

temperature range suggests no or minor influence of the layer curvature on a.

According to the proposed chrysotile structure of D’Arco et al. (2009) and the cylindrical
chrysotile already shown by Yada (1971), an inward migrating dehydroxylation surface
would generate a “chrysotile” fiber consisting of three or four different phases, respectively
(Fig. 12). However, the variability in the fiber diameter of the studied chrysotile causes a

more complex situation. Nevertheless, the principle scheme maintains.
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It is necessary to underline that the talc-like intermediate is quenchable during the breakdown
of chrysotile. Thus, the intermediate is an important carrier of H;O and OH, respectively. This
has to be considered when interpreting the kinetics of the chrysotile dehydroxylation by DTG,
a statement also valid for all other phyllosilicates creating an H,O/OH containing intermediate
phase during dehydroxylation. In any case, the chrysotile dehydroxylation is not that linear as
assumed in the past which has already demonstrated by experiments of Viti (2010) indicating
a multistage dehydration process. The FTIR and Raman data of this article clearly show a
multistage dehydroxylation and phase transformation scenario with an early onset of a
possible order/disorder phase transition at temperatures between around 350 °C and 450 °C,
followed by the main dehydroxylation reaction and phase change later on. However, the low
temperature of the first appearance of the talc-like phase and forsterite compared to the
temperatures of the first release of water in data of Viti (2010) demonstrate that one has to be
careful with a direct comparison of both datasets. It has to be emphasized that a multistage

dehydration is not inevitably caused by a multistage dehydroxylation reaction.

The occurrence of a talc-like intermediate stable under ambient pressure conditions and the
presence of a disordered chrysotile also have an impact on the understanding of subduction
zone dehydration processes and the storage of CO, in serpentine bearing rocks. The presence
of a talc-like phase rather than talc offers the possibility for a transport, storage and release of
H,O at low-pressure conditions, but after the onset of the temperature-dependent
dehydroxylation reaction of chrysotile and lizardite. Much work has been devoted to high-
pressure experiments studying the breakdown reaction of antigorite (e.g., Perillat et al. 2005,
Chollet et al. 2009). But, less is documented about the relation of the lizardite and chrysotile
breakdown including the formation of a talc-like intermediate. Additional studies are
important to unravel the complex association between primary serpentine minerals, the talc-

like phase, talc and the 10 A phase (Fumagalli et al. 2001, Chollet et al. 2009) in the MSH
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system. Moreover, a talc-like phase offers potential nucleation sites of carbonate bearing
phases in carbon capture and sequestration experiments. Some of our work in progress
indicates a delayed decomposition and a shift of the chrysotile breakdown towards higher
temperature when not using a purging gas. Thus, the activity/ puxo has a major impact on the
breakdown and formation conditions of all occurring phases, a fact already demonstrated for

high-pressure decomposition reactions of antigorite (Perillat et al., 2005).
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Figure captions

Figure 1. X-ray powder diffraction pattern of the studied chrysotile sample chry 33/12

compared with the ICDD entry 25-0645.

Figure 2. SAED pattern of chrysotile. Strong reflections are compatible with the clino- and

orthochrysotile polytypes.

Figure 3. Temperature-dependent evolution of the Raman shift of an external, non-sample

related artifact for observing the stability of the Raman setup with time and temperature.
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Figure 4. Comparison between the Raman spectrum of the chrysotile studied and the
chrysotile reference spectrum R070088 (Downs 2006) as well as the Monte Fico lizardite-1T
spectrum (Trittschack et al. 2012); 1 - marks those bands which were followed during heating

to demonstrate the band shifting as shown in Fig. 7.

Figure 5. Band deconvolution of the OH stretching modes at RT and their assignments

following Balan et al. (2002) and Auzende et al. (2004).

Figure 6. Temperature-dependent evolution of the low-frequency Raman bands between 21
°C and 871 °C; some bands are color-coded for clarity: green: chrysotile, yellow: transition

phase and red: forsterite modes.

Figure 7a and b. Temperature-dependent band evolution of Raman band intensity (a)
measured at HT and (b) measured from samples quenched from the indicated temperatures to

47 °C.

Figure 8. Frequency evolution of the major Raman bands during heating; the error envelope
is grey shaded. Major error sources are band deconvolution and accuracy of the spectrometer
calibration; the vertical dotted line marks the appearance of forsterite bands; reversible shifts
as based on quenched data are indicated by the filled circles and their error range (grey shaded

area with a black outline).

Figure 9a-f. Temperature-dependent development of the OH IR band absorbance and integral

intensities of some selected Raman bands (grey shading: error envelope).

Figure 3. Raman spectra of quenched samples after being heated to 613 °C and 768 °C,
respectively, as well as reference spectra of forsterite, talc and chrysotile from the RRUFF

database (Downs 2006).
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Figure 11a and b. Temperature-dependent changes in the Raman OH stretching band region;
(a) measured on samples quenched from the indicated temperature and (b) HT spectra

measured at the indicated temperatures.

Figure 4. Schematic representation of a dehydroxylating chrysotile fiber (concentric type)
with a multiphase assemblage of unaffected chrysotile, disordered chrysotile, the talc-like
phase and forsterite; the talc-like phase is shown as formed on certain areas of the disordered

chrysotile only, R: fiber radius.

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld







































Table 1. Raman bands of chrysotile and lizardite-1T and their assignments at room
temperature.

band assignment™>* Chrysotile® - Chrysotile® - Lizardite-1T" -
[em™] [em™] [em™]
0O-Si-O bending mode 129.3 129.4
A, mode of Mg(O,0H)e 201.9 199 201.9
Vibrations of O3-H3+¢«02 2333 231 229.1
Bending of SiO4 301.7 304 305.1
317.5 318 320.0
345.2 345 346.2
s Mg-OH vibrations 374 371.4
s vs5(€)SiO4 389.4 388 383.5
unknown artefact 416.8
as Mg-OH translation 432.4 432 430.4
V3(a1)SiO4 455.1 458
Mg-OH translation + v4(€)SiO4 467.6 466 464.5
Libration of inner Mg-OH 607
as OH-Mg-OH translation modes 623.3 622 621.6
629
Vs Si-Op-Si 691.3 692 689.8
Mg-OH outer s translation modes 706.5 705 707.1
709
Si-O stretching 928.6
972.4
Vas Si-Op-Si 1050.2
Vas Si-Opp 1105.4 1102 1094.3
OH stretching frequencies
out-of-phase of inner surface OH 3649 3643 3649
unassigned OH band 3670
in-phase inner surface OH 3681 3678 3684
3688 3686 3691
inner OH 3697 3696 3698
3704

Notes: as = antisymmetric, s = symmetric, b = bridging, nb = non-bridging

*Rinaudo et al. 2003
®Farmer 1974
‘Kloprogge et al. 1999
Balan et al. 2002

°this work

Mrittschack et al. 2012



Table 3. Observable Raman modes of chrysotile quenched down to 47 °C after being heated
to 613 °C and 768 °C. Chrysotile, talc and forsterite modes from database entries are shown
for comparison.

Chrysotile Talc Forsterite
613°C _47°C 768°C _47°C R070088 R050058  R040057

band assignments [cm’l] [cm’l] 785nm’ 532 nm' 532nm’
[em™] [em™] [em™]
O-Si-O bending
mode®>* 128.3 n.p.
Mg-OH® 184.7 186.7 194.2
Az mode of
Mg(0.0H)e* 200.5 201.6
Vibrations of O3-
H3ees000"b 229.9 225.7 232.9
Mg2 = y; S104 = 302.1 299.9
Xy rot. [z
Bending of
SiO4a’%°° 344.2 346.1
not assigned® 359.2 359.6 362.0
s vs(€)Si04*>* 387.3 390.2
n.a’ 588.8 582.1
val 609.6 601.7
Si-O-Si bending® 669.1 673.9 675.3
Vs Si-0p-Si®>* 690.9 695.4 692.3
Mg-OH outer s
translation 715.2 708.6
modes®>*
Si-O stretch v;¢ 822.5 823.3 821.9
8i-O stretch, SiO, 855.4 855.6 853.5
breathing v;
vy 878.0 880.6 879.5
vy 917.4 917.5
Si-O stretch, SiO4 9675 957 3

breathing vbg,d
Vas S1-Onp 1098.9 1106.4

Notes: as = antisymmetric, s = symmetric, b = bridging, nb = non-bridging, n.a. = not
assignable when using McKeown et al. 2010, due to different Raman modes in this range, n.p.
= not present

*Rinaudo et al. 2003
"Farmer 1974
‘Kloprogge et al. 1999
McKeown et a. 2010
‘Fumagalli et al. 2001
‘Downs 2006
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