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Fine-probing the crystal-chemistry of talc by MAS-NMR spectroscopy
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Abstract: Magic-Angle-Spinning Nuclear Magnetic Resonance (MAS-NMR) spectroscopy was used to probe the crystallographic
environment of Si, Al, F and H in 14 natural talc samples originating from different localities and containing various, small amounts
of iron (Fe,O3 [ora) < 2 Wt %). We show that iron induces strong variations in NMR spectra and that even very low quantities can
be used as an indirect NMR parameter to characterize in detail the crystal-chemistry of talc. Conversely, their correlations with full
width at half height (FWHH) in MAS-NMR spectra for 29Si, 27Al, H, and !9F obtained from these 14 talc samples allow for rapid
estimations of the total iron content. Finally we highlight how, by simply recording Mdssbauer, NIR and NMR spectra, one can

obtain an accurate structural formula of talc, which is a necessary parameter for uses in specific industrial applications.
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1. Introduction

Talc (SizMg;0,9(OH),), the magnesium end-member
of the 2:1 phyllosilicates family, has very limited tetrahe-
dral and octahedral element substitutions and, as a result, it
has a layer charge of zero and an atom-free interlayer space
(Martin ef al., 1999). This “ideal” crystal chemistry, added
to properties such as lamellar particle shape and lubricant
characteristics, confer to talc a wide range of industrial
applications, ranging from the ceramic to cosmetic indus-
tries, paint and paper manufacturing, and polymer engi-
neering. In the latter application talc is used as filler,
thereby inducing an increase in crystallization temperature
and improving the mechanical properties of the various
composites (Menczel & Varga, 1983; Gonzalez et al.,
1995; Tiganis ef al., 1996; Ferrage et al., 2002). Recently,
the crystal chemistry of talc has been refined by Martin et
al. (1996, 1999) and Petit et al. (2004a and b) who used
spectroscopic methods to confirm the potential of talc to
incorporate only small amounts of cations (e.g., Al and
Fe3+) and anions (e.g., F-) in both tetrahedral and octahedral
sheets. They also indicated that Fe2* and Mn were found
only in octahedrally coordinated sites, and that such substi-
tutions could induce local modifications of the surface
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properties of the mineral. In addition, Ferrage et al. (2002)
have stressed the importance of the talc-polymer interface
in determining the properties of the final compound. It is
therefore evident that a more accurate determination of the
crystal chemistry of talc could have important implications
for the industrial applications of this mineral species.

In this paper we make use of Magic Angle Spinning-
Nuclear Magnetic Resonance (MAS-NMR) spectroscopy
to investigate the crystallographic environment of Si, Al, F
and H in talc, using 14 natural talc samples from various
localities. The efficiency of the technique is assessed by
locally probing the nature of the cations and their distribu-
tion in the different crystallographic sites.

1.1. NMR information on Fe (and Mn) cationic pres-
ence in phyllosilicates

It is well established that solid-state 29Si and 27A1 NMR
spectroscopy is an essential tool in investigating the short-
range order and structural configuration of aluminosili-
cates, such as tetrahedral [4JAl and octahedral [6]Al
distribution, and the distribution of paramagnetic impuri-
ties (Sanz & Serratosa, 1984; Barron et al., 1985a and b;
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Fig. 1. Details of the structure of talc (2:1 phyllosilicate) showing
the possible cation substitutions in tetrahedral (silicon (Si) by
aluminium (Al) and/or iron (Fe3*)), and/or octahedral (magnesium
(Mg) by manganese (Mn) and/or aluminium (Al) and/or iron (Fe3",
Fe2+)) sites and the replacement of hydroxyl groups (OH-) by fluor
(F) anions.

Kinsey et al., 1985; Altaner et al., 1987; Herrero et al.,
1987, Herrero & Sanz, 1991; Sanz & Robert, 1992; Rocha
& Pedrosa de Jesus, 1994; Welch et al., 1995; Schroeder &
Pruett, 1996; Kentgens, 1997; Dékany et al., 1999; Lausen
et al., 1999; Sainz-Diaz et al., 2001; d’Espinosse de la
Callerie et al., 2002). However, it has been shown that the
presence of ferromagnetic impurities (Fe, Mn, ...) can
cause severe peak broadening, in particular in natural
samples (Grimmer et al., 1983; Oldfield et al., 1983;
Morris et al., 1990). In the worst scenarios, peaks can be so
broadened to become undetectable. This deformation is
caused by several chemical shifts, which are themselves
due to the interaction of unpaired d or f electrons with the
nucleus. Although the problem of peak broadening is well
known, this issue has never been systematically investi-
gated up to now. In general, it appears that phases
containing major Fe or Mn cannot be observed by NMR,
and that as little as 1 to 2 wt.% oxides, although they do not
totally destroy the spectrum, can cause sufficient peak
broadening to result in very poor resolution (at least for
298i) (Altaner et al., 1987). These paramagnetic effects may
be less important for quadrupolar nuclides with intrinsi-
cally broad peaks. Also, Fe2+ should have a larger peak
broadening effect than Fe3+*, simply because Fe2* has more
unpaired d-electrons (Palinko e al., 1996). Iron causes
rapid relaxation of all the Si sites and small amounts can
give rise to low signal-to-noise ratios (Altaner et al., 1987).
Therefore, the presence of paramagnetic Fe3* ions makes
the NMR resonance of a significant fraction of the 29Si
signal broadened beyond detection. However, this broad-
ening occurs only if the distance among iron and silicon
atoms is not great (Bruni ez al., 1999). The NMR relaxation
theory for systems containing paramagnetic centres
describes the interaction between a paramagnetic centre
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and nearby lattice nuclei. Thus, following this approach,
one could obtain structural and dynamical information
from NMR relaxation experiments. The radius of paramag-
netic interactions that can be detected in a single Fe3* is
about 5 nm (Purcell et al., 1948). The resulting 27A1 NMR
signal intensity depends on the effective Fe wipeout-sphere
radius, which Schroeder & Pruett (1996) bracketed
between 6 and 10 A. Cuadros et al. (1999) tested different
effective radii (in the range of 6 to 8.5 A) and found a
minimum value of 7.5 A. It follows that the total NMR
signal from octahedral Al depends on the amount of octa-
hedral Fe and its distribution. Increasing Fe segregation
causes higher 27A1 NMR intensity because less Al atoms
are close enough to Fe atoms for their NMR signal to be
lost. Knowing the octahedral Fe and Al content in a sample,
together with the corresponding octahedral Al NMR signal
intensity, allows the indirect evaluation of how Fe is
distributed in the octahedral sheet of phyllosilicates
(Schroeder, 1993).

1.2. NMR information on Si, Al and Si-Al cationic
environments in phyllosilicates

Lippmaa et al. (1980 and 1981) originally demonstrated
that the 29Si chemical shift in solid silicates is sensitive to
both the degree of condensation of SiO, units, single or
double chain, sheet or framework, and the chemistry of the
second coordination sphere. Within the tetrahedral sheets
of the 2:1 phyllosilicates, tetrahedral SiO units are in a Q3
environment, i.e., bonded to three other tetrahedral units. It
has been shown that the degree of condensation of SiO,
units significantly affects the 29Si chemical shift, with Q3
units resonating in the range of 90 ppm to —100 ppm. The
2981 MAS-NMR spectra of talc and pyrophyllite show a
single component that appears at —97 ppm for talc and at
—94 ppm for pyrophyllite. The difference in chemical shift
is a consequence of differences in composition of the octa-
hedral sheet. On the other hand, each octahedron shares
edges with six adjacent octahedra and also shares oxygens
with four tetrahedra, two on each side of the octahedral
sheet. The effect that those second neighbours (located in
different sites of the structure, e.g., tetrahedral or octahe-
dral sheets, and, only for micas and smectites, interlayer
space), exert on the chemical shift of the Si and Al signals
can be analysed separately by comparing sample pairs with
appropriate compositions (Sanz & Serratosa, 1984;
Engelhardt & Michel, 1987; Plévert et al., 2001).

In the dioctahedral phyllosilicates (pyrophyllite,
muscovite and margarite) [6]Al lines appear at about 1-2
ppm. In trioctahedral mineral containing small amounts of
Al in the octahedral sheet each Al ion must be surrounded
by six Mg ions and the [6]Al line appears at 5-6 ppm. This
value is higher than those observed for dioctahedral
minerals where each Al ion is surrounded by three Al and
three vacancies. Generally, clay minerals contain [“IAl and
[6JAl and the 27A1 MAS-NMR spectra consist of one or two
principal components plus a series of sidebands associated
to the spinning of the samples. The central line at 0 ppm is
assigned to octahedral Al ions whereas the line at 70 ppm
to tetrahedral Al ions. In all cases, the [41Al signal shows a
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greater half-width than the [6]Al one. In principle, a quanti-
tative determination of [4IAl/I6JAl ratio appears possible
with high-resolution spectra but requires higher magnetic
fields than that used in this work (94 kG) to eliminate the
second-order quadrupolar effects.

1.3. NMR information on H environments in phyllosilicates

Solid-state proton NMR offers an extremely useful tool
in the characterization of structural hydroxyls and water, as
well as adsorbed molecules. In particular, the chemical
shifts are characteristic of the hydrogen environment,
whereby different bands are associated to different struc-
tural sites (Alba ef al., 2000 and 2001; Di Leo & Cuadros,
2003). We can expect the presence of only one peak in
MAS-NMR spectra for talc and symmetry of the spinning
sideband pattern, due to H location in the hexagonal ring
(Fig. 1). This structural hydrogen can be influenced directly
by tetrahedral and octahedral substitutions (Martin et al.,
1996). Trioctahedral micas with high Fe contents can expe-
rience splitting of the 'H NMR hydroxyl-proton, due to Fe
location in different neighbouring octahedral positions
(Sanz, 1990). However, this effect should be negligible in
our study due to the relatively low Fe content.

2. Samples and experimental procedure
2.1. Samples

The talc samples used in this paper have been previ-
ously studied by NIR (near infrared) and FTIR spec-
troscopy (Petit ef al., 2004a and b). Sample origin, locality,
and electron-microprobe analyses are provided in Table 1.
All samples consist entirely of pure talc, apart from sample
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11, which contains traces of a 7 A phase (i.e., a 1:1 phyl-
losilicate-type mineral). Structural formulae were calcu-
lated from microprobe analyses on the basis of 11 oxygen
equivalents (Petit ef al., 2004a and b) and are listed in Table
2. The atomic distributions of iron and aluminium were
derived from Mdssbauer and NMR measurements, respec-
tively. As shown in Tables 1 and 2, the samples display a
wide range of Fe, Al, and F contents (up to 0.1, 0.34, and
0.29 atom per half unit-cell, respectively).

2.2. Nuclear Magnetic Resonance Spectroscopy

Solid-state NMR experiments were performed as
follows: 29Si NMR measurements were carried out on a
Bruker MSL-300 spectrometer operating at By =7.1 T (v,
= 59.63 MHz). The 27Al , 'H and !F NMR spectra were
collected on a Bruker DSX-400 spectrometer operating at
By =9.4T (vog=104.263 MHz, vo=400.13 MHz and v,=
376.49 MHz). Single-pulse magic-angle spinning spectra
were obtained on a Bruker MAS probe, with a 7-mm ZrO,
rotor for 29Si experiment and a 4-mm rotor for 27Al and !9F.
Acquisitions parameters are summarized in Table 3. The
29Si, 27A1 and 19F chemical shifts were referenced exter-
nally to TMS (tetramethylsilane), aqueous Al(H,0)43*, and
CFCl; (trichlorofluoromethane), respectively.

NMR spectra decomposition was performed by least-
square fitting and mixed Lorentzian-Gaussian shapes func-
tions (1% < Gaussian < 5%), using the GRAMS/AI (ver.
7.01) software from Thermo Galactic. A linear baseline
was considered systematically, and fit progress was moni-
tored by successive iterations until a good quality of repro-
duction was obtained. Selected results of the fitting
procedure are illustrated in Fig. 2a, b, ¢ and d for 29Si, 27Al,
IH, and !F, respectively. The widths of the Lorentzian
curves discussed in the following refer to the full width at

Table 1. Chemical analyses as determined by electron microprobe, and origin of the talc samples.

Sample SlOz A1203 FeZO3 MgO NiO CaO Kzo NaZO T102 F
(1) Brazil Fourty, Brazil, originating from ultrabasic rocks

63.02 0.02 2.07 29.71 0.00 0.01 0.01 0.01 0.01 0.03
(2) Val Chizone, Italy, originating from dolomite alteration

1.71

(3) Rabenwald, Austria, originating from magnesite alteration (Moine et al., 1989)

62.32 0.24 0.92 30.04 0.00 0.00 0.03 0.02 0.00 0.25
(4), (5) T111, Trimouns, France, originating from dolomite alteration (Moine et al., 1989; Martin et al., 1999; Schirer et al., 1999)

61.67 0.19 0.68 31.52 0.00 0.02 0.00 0.00 0.00 0.16
(6) Roc Martin, Afghanistan, originating from high grade metamorphism talcschist (Kulke & Schreyer, 1973)

56.71 431 0.48 28.24 0.00 0.02 0 0.91 0.28 0.3
(7) and (8) Guangxi, China, originating from dolomite alteration

62.72 0.03 0.45 30.77 0.00 0.01 0.01 0.02 0.01 0.19
(9) and (10) Set 16, Leon, Spain, originating from dolomite alteration (Galan-Huertos & Rodas, 1973)

62.19 0.17 0.16 32.37 0.00 0.00 0.00 0.04 0.00 1.00
(11) Gabon, originating from carbonate alteration

62.99 0.07 0.07 30.85 0.00 0.05 0.02 0.21 0.00 1.44
(12) Pink Haicheng, China, originating from magnesites alteration

63.19 0.00 0.06 32.08 0.00 0.05 0.05 0.07 0.02 0.00
(13) and (14) Liaoyong White, China, originating from magnesites alteration

64.01 0.036 0.04 31.46 0.00 0.02 0.01 0.06 0.00 0.30

Samples 2, 3,4, 5,9, 10, 12, 13 and 14 are from the collection of Talc Luzenac Europe; samples 1, 6, 7, 8 and 11 are from F. Martin’s collection.
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Table 2. Structural formulae of talc samples calculated based on 11 oxygen equivalents.
Samples 1 2 3 4 6 7 and 8 9 and 10 11 12 13 and 14
Si 4 4.01 3.96 3.79 4.02 3.99 4.02 3.99 4.02
Al 0.002 0.018 0.014 0.34 0.002 0.020 0.005 0.000 0.003
Fe 0.10 0.044 0.037 0.024 0.021 0.009 0.003 0.003 0.003
Mg 2.84 2.89 3.02 2.81 2.94 2.99 2.94 3.02 295
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
F 0.01 0.05 0.05 0.06 0.04 0.2 0.29 0 0.06
OH 1.99 1.95 1.95 1.94 1.96 1.8 1.71 2 1.94
9% [6] Fe2+ 53 78 68 60 85 60 - - -
% [6] Fe3* 14 0 18 30 5 0 - - -
% [4] Fe3+ 33 22 14 10 10 40 - - -
% (61 Al 64 76 35 51 81 34 0 86 - 61
% [41 Al 36 24 65 49 19 66 100 14 - 39
The iron and aluminium atomic distributions are from Méssbauer and NMR measurements. - indicates not measured.
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Table 3. Experimental conditions of NMR spectra recording for ‘ ' ' ' !
29Si, 27Al, H, and 19F in talc sample. -150 -160 -170 -180 -190 -200
Nucleus 298i 27A1 'H 19F ppm
Spinning speed 4 10 8 12
(kHz) Fig. 2. Solid state MAS-NMR spectra recorded on natural talc
samples. (a) 29Si (sample 4), (b) 27Al (sample 3), (c) 'H (sample 4),
Izgﬁspeisgg;l 325ps (W) Lus (W12) - 3ps - 3.6ps (w2) and (d) 19F (sample 9). An example of the decomposition process in
quasi-Lorentzian elementary contributions is illustrated for each
Recycle delay 2 mn ls 20s 10s element (green line), SSB indicates spinning sidebands whereas
FWHH refers to the full width at half heights.
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SSB in Fig. 2¢ and d.

3. Results
3.1 General features of talc multinuclear MAS-NMR spectra

The 29Si shift is influenced strongly by the chemical
environment of the silicon nucleus and is highly correlated
with the degree of SiO, tetrahedra polymerization, notably,
with the amount of next-near-neighbour Al atoms
(Lippmaa et al., 1980, 1981; Mégi et al., 1984; Kinsey et
al., 1985; Kirkpatrick, 1988). The 29Si MAS-NMR spec-
trum for talc typically shows an asymmetrical peak around
—98 ppm, which is attributed to Q3 species (Lippmaa et al.,
1980, 1981) and is characteristic of clay minerals (Fig. 2a).
No spinning sidebands were detected, indicating the
absence of chemical shift anisotropy (Smith et al., 1983),
but also the absence of different magnetic impurity types
(Oldfield et al., 1983), as well as of visible dipolar interac-
tions (Grimmer et al., 1983).

The 27A1 MAS-NMR spectrum allows one to differen-
tiate readily and unambiguously between four- and six-
fold-coordinated aluminium atoms because of
well-separated positional shifts (Fig. 2b). According to
Barron et al. (1985a and b) and Herrero et al. (1985a and
b), the two resonances around 9 ppm and 64 ppm are clas-
sically attributed to Al in octahedral and tetrahedral sites,
respectively. Integration of the area under each MAS-NMR
peak provides semi-quantitative estimates of [4]1Al and [6]A]
amounts. However, this simple measurement is constrained
to some selective conditions of excitation, such as using
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Fig. 3. (a) 29Si MAS-NMR spectra of the different studied
talc samples, ranked as a function of their respective total
iron content (Fe,O; — Table 1); (b) Correlation between
FWHH of 29Si MAS-NMR and total iron contents; (c)
Correlation between & (ppm) peak position of 29Si MAS
NMR resonance and total iron contents.

very short pulse width (0.7 pus) corresponding to a small
flip angle of m/12. As for 29Si, no spinning sidebands are
detected for aluminium.

The 'H MAS-NMR spectrum displays a band located
around 0.5 ppm, which is characteristic of trioctahedral
minerals (Oldfield et al., 1983; Welch et al., 1995; Alba et
al.,2000; Di Leo & Cuadros, 2003 — Fig. 2¢). The presence
of a single central peak and the location and intensity
symmetry of the spinning sidebands with respect to I (Iggg;
= Iggpy and Iggp1 = Iggpy’) indicate a single site for H with
an isotropic environment (OH-bond axes being perpendic-
ular to the layers and pointing toward the hexagonal cavi-
ties). Note that according to Oldfield et al. (1983), these
spinning sidebands are induced by the presence of
magnetic impurities.

The 19F MAS-NMR spectrum for talc shown in Fig. 2d
exhibits one resonance around -176 ppm, indicating the
presence of a single type of structural site (Huve et al.,
1992; Fyfe et al., 2001). Such signal has already been
observed for trioctahedral 2:1 layer silicates and is
commonly attributed to F atoms bonding to three Mg atoms
(Mg-Mg-Mg environment) in an isotropic configuration
(with SSB1 = SSB2).

3.2. Influence of total iron (Fe,O3) content on multinu-
clear MAS-NMR spectra

3.2.1. 298i

The 29Si MAS-NMR spectra of our talc samples show
similar single resonance at around —96 ppm and —98 ppm,
which is consistent with Q3 species (Lippmaa et al., 1980,
1981) (Fig. 3a). However, significant variations in FWHH
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Fig. 4. (a) 'TH MAS-NMR spectra of the different talc samples,
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total iron contents.
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Fig. 6. 27A1 MAS-NMR spectra of the talc samples, ranked as a
function of their respective total iron content (Fe,0O5 — Table 1).

can also occur from 12.95 ppm to 1.24 ppm, as shown in
Fig. 3a and 3b for samples 1 and 14, respectively. A
possible explanation for this variation can be obtained by
ranking the different 29Si spectra as a function of their
respective Fe,O; content (total iron content — Fig. 3);
indeed, the width of 29Si resonance peaks increases with
the iron content of the sample. Plotting 29Si peak FWHH
vs. Fe,O5 content results in a linear correlation (Fig. 3b)
which yields the FWHH limit value for pure talc (no iron
present), at about 0.5 ppm to 1 ppm. In addition, Fig. 3a
also shows that the resonance peak position () increases
gradually in the —96 ppm to —98 ppm range with increasing
Fe,O5 amount. A regression using a power function (Fig.
3c) yields the ideal 29Si peak position for pure iron-free
talc, which is close to —98.5 ppm. This limit differs from
those measured by Lippmaa et al. (1980, 1981), Mégi et al.
(1984), Kinsey et al. (1985), and Kirkpatrick (1988), most
likely due to presence of very small amounts of iron in their
sample.

3.2.2.1H

The 'H MAS-NMR spectra also display some variation
with total iron contents, namely, as for 29Si, a decrease of
FWHH with decreasing Fe,O; content (Fig. 4a). In addi-
tion, the intensity and the asymmetric spinning sidebands
decrease as the Fe,O3 content decreases (sample 12). For
samples having high iron contents, spinning sidebands are
more likely related to an increase in dipolar interactions
(near octahedrally or tetrahedrally coordinated Fe atoms)
from a contact term between the unpaired electrons of Fe
centres and 1H.

Similarly to 29Si, a linear dependence is observed
between Fe,0O; and 'H MAS-NMR FWHH, leading to a
FWHH limit value for pure iron-free talc of about 1 ppm
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Table 4. Structural formulae of talc samples, calculated from NIR, Mdssbauer, and chemical microprobe analyses taking into account

NMR data for the distribution of [6]JAI3* and [4IAI3+.

1 2 3 4 and 5 6 7 and 8 9 and 10 11 12 13 and 14
Si 3.84328 3.9513 3.97714 39314 3.99068 3.97 3.9993 4 3.99883
1Al 0.00072 0.0117 0.00686 0.0646 0.00132 0.02 0.0007 0 0.00117
[4]Fe3+ 0.156 0.037 0.016 0.004 0.008 0.010 — — —
+0.005 +0.003 +0.002 +0.001 +0.001 +0.002
Mg 2.749 2.809 2914 2.705 2918 2.985 3 2.996 3
Fe2+ 0.251 0.132 0.077 0.026 0.067 0.015 0 0.004
[6]Fe3+ 0.066 0 0.020 0.013 0.004 0 — — —
+0.012 +0.005 +0.003 +0.001
[61A1 0.00128 0.0063 0.00714 0.2754 0.00068 0 0.0043 0 0.00183
Toct. 3.06728 2.9473 3.01814 3.0194 2.98968 3.000 3.0043 3.000 3.00183
F 0.07 0.04 0.03 0.07 0.02 0.19 0.23 0.02 0.07

(Fig. 4b). No evidence of correlation between & (ppm) peak
position of 'H MAS NMR and total iron content was
observed in this study.

3.2.3. I9F

The 19F MAS-NMR spectra show only one reso-
nance around —176 ppm, with similar SSB and FWHH
evolutions (intensity and asymmetry) to those observed
on !'H spectra (Fig. 5a). Note that spinning sideband
intensity in these spectra is lower than that in 'H
spectra, for samples with similar Fe,O3 content. This
specific feature might be attributable to the very low F
contents of our talc samples (there are only few F envi-
ronments compared to H environments in the structure).

As for the elements discussed so far, plotting the
FWHH of 1F MAS-NMR vs. total iron content shows a
linear correlation, confirming the effect of iron cations
on the broadening of the 19F resonance peak (Fig. 5b).
This correlation suggests a FWHH limit value for iron-
free talc at around 0.5 ppm. Again, no correlation was
observed between the & peak position of 19F spectra and
total Fe,O5 content.

3.2.4. 2741

All spectra for this element show two intense reso-
nance peaks around 9 ppm and 65 ppm, which can be
attributed to [6JAl and [4]Al, respectively (Sanz &
Serratosa, 1984). However, note the absence of the 65
ppm and 9 ppm resonance peaks in samples 11 and 9,
respectively, suggesting a single site distribution for
aluminium (Fig. 6). Note also that sample 11 contains
traces of a 1:1 Al phyllosilicate, in which Al is present
only in the octahedral sheet. For this sample, we
observed a poor correlation between FWHH and iron
contents (FWHH is considered identical for the two
resonances) (Fig. 6). Nonetheless, the correlation trend
is similar to those observed for Si, H, and F. Samples
with lower total iron contents displayed o shifts toward

higher values. A limit for & position is reached for
Fe, 05 contents around 1 wt % for the two resonances.

3.3. Iron cationic site influence on the multinuclear
MAS-NMR spectra

Talc structural formulae were calculated by
combining NIR, Mdssbauer, and chemical microprobe
analyses from Petit et al. (2004a and b) with the NMR
data collected in the present study (Table 4). According
to Mossbauer results, iron was allocated to 3 different
sites: an octahedral site with two valence states (Fe2*
and Fe3*) and a tetrahedral site containing only Fe3+.
The distinction between [6]A]l and [4JAl was calculated
from the 27A1 MAS-NMR spectra by measuring the
surface area of the bands located at 9 ppm and 65 ppm,
respectively.

Our results, in particular multinuclear MAS-NMR
spectra for the elements Si, H, and F (Fig. 7a), reveal
the real influence of iron substitution in the structure of
talc. Note that, although we noted the influence of iron
on Al MAS-NMR spectra, we chose not to carry this
investigation further as we lacked the adequate data to
account for the large variations of Al amounts in all
sites.

4. Discussion

4.1. General information on MAS-NMR spectra of
298i, 27Al, 1H, and 19F

It is well known that the presence of ferromagnetic
impurities causes severe broadening and poor resolu-
tion of MAS-NMR spectra (Grimmer et al., 1983;
Oldfield et al., 1983; Altaner et al., 1987), and this at
only 1 or 2 wt.% iron-oxide contents. In this study, we
used natural talc samples that are entirely free of iron
oxides, and in which iron is a structural component of
talc. In addition, we used the variation of the total struc-
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Fig. 7. (a) Correlations between FWHH of 29Si, 'H, 19F MAS-NMR
bands and [6]Fe2*; (b) Correlations between FWHH of 29Si, 1H, 19F
MAS-NMR bands and {[6]Fe2+ + [6]Fe3* + [4]Fe3*}; (c) Correlations
between FWHH of 29Si, 'H, 19F MAS-NMR bands and {[6]Fe2+ +
[6]Fe3+ + [4]Fe3++ [41A13+}.

tural iron content (0.04 to 2.07 oxide wt.% — principally
Fe2*) to understand the local crystal chemistry of
various elements within the talc structure. The spectra
that we obtained for the elements Si, Al, H and F show
general characteristics that are encountered in all phyl-
losilicates (Lippmaa et al., 1980, 1981; Oldfield et al.,
1983; Barron et al., 1985a and b; Herrero et al., 1985a
and b; Huve et al., 1992; Welch et al., 1995; Alba et al.,
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2000; Di Leo & Cuadros, 2003). For instance, the 29Si
MAS-NMR spectrum of talc shows an asymmetrical
peak around —-98 ppm, attributed to Q3 species
(Lippmaa et al., 1980, 1981). In addition, the absence
of Q2 bands (due to very low tetrahedral substitutions)
indicates a high degree of ordering around SiOy, tetra-
hedron and thus the preservation of SiO4 rings. This
also insures a similar geometric environment for all OH
groups or F atoms located within the hexagonal cavity.
Another similarity is that 27Al MAS-NMR spectra
display almost systematically two resonances around 9
ppm and 64 ppm, corresponding to Al in octahedral and
tetrahedral sites, respectively. The 'H MAS-NMR
spectra from our samples show a peak around 0.5 ppm,
which is characteristic of structural hydrogen atoms
located in the hexagonal cavity of trioctahedral phyl-
losilicates. Finally, the MAS-NMR spectrum of 19F
displays a single resonance around —176 ppm. For H
and F atoms, the presence of only one peak and both
position and intensity symmetry of the spinning side-
bands indicate a single structural site with a bulk
isotropic environment (OH-bond axes are perpendicular
to the layers and point toward the hexagonal cavities, F
replacing some OH groups). From these basic observa-
tions it is evident that a combination of MAS-NMR
spectroscopy on Si, Al, H and F can provide important
information about substitutions in tetrahedral and octa-
hedral talc sites, and about the lack of important defects
(absence of Q2 bands for 29Si, isotropic environment for
H and F atoms).

4.2. Crystal chemistry of natural talc samples

Structural formulae are given in Table 4, calculated on
the basis of electron- microprobe analyses (Table 1),
infrared, Mossbauer and NMR results (Table 2). The
[4]A1/I6]Al ratios, which can only be obtained with MAS-
NMR technique, permit to establish the accuracy of the
structural formulae. The presence of two strong resonance
peaks around 9 ppm and 65 ppm, attributed to [6]Al and
[41Al, respectively, indicates that Al can be distributed in
both types of talc layers, as does Fe3+. Chemical composi-
tions indicate also that the deficiency in tetrahedral charges
(due to replacement of Si by Al and Fe3*) and the excess in
octahedral charges (replacement of Mg by Al and Fe3+) are
compensated, resulting in a neutral talc structure. The loca-
tion of Al and Fe3* is due to the respect of this charge
balance between tetrahedral and octahedral sites (Martin et
al., 1999). Results on MAS-NMR spectra clearly indicate
that Al location in the talc structure depends strongly on the
geological environment present during the formation of a
specific talc sample (work in progress), and that, in an
extreme case, this can be responsible for the distribution of
Al atoms in only one type of site, as was observed for
samples 11 and 9 (Fig. 6). Our talc samples come from
varied geological and geographic contexts and, as expected,
every sample presents specific Si, H, and F MAS-NMR
signatures, indicating a higher degree of variability in
chemical composition and chemical substitution in talc
than one would expect.
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4.3. Influence of substitution in natural talc samples on
NMR signals

Although observation of the distribution of Al
between tetrahedral and octahedral site is a relatively
easy task with this technique, the possible presence of
iron in octahedral talc sheets cannot be detected directly
with NMR spectroscopy. Indeed, the magnetic field
homogeneity resulting from the interaction of d or f
unpaired electrons in Fe2* et Fe3* atoms with the
nucleus, classically induces a poor resolution on NMR
spectra as well as NMR peak broadening (see above).
However, because of the low total iron content in the talc
sample studied (< 2% Fe,03, exclusively in the talc
structure), it is possible to obtain some information on
structural iron (Fe2+ and Fe3*) by investigating in detail
the broadening of the NMR peaks. This peak broadening
concerns 29Si (Si located in tetrahedral sheet — Fig. 2a
and 3b), 'H and !9F (located in hexagonal rings — Fig. 4a
and b, 5a and b) and, to a lesser extend, 27A1 MAS-NMR
peaks (Fig. 6). The linear dependence of the FWHH on
total iron content for 29Si, 1H and 19F confirms the effect
of'iron on the broadening of resonance peaks (Fig. 3b, 4b
and 5b). We also noted that a FWHH limit value for pure
iron-free talc is reached around Ippm for the three
elements considered. However, by taking into account
the structural position of iron in talc, according to the
structural formulae, , it is possible to show the influence
of this element on multinuclear MAS-NMR Si, H, and F
spectra (Fig. 7a).

Calculations by Palinko ef al. (1996) indicate that the
broadening of NMR peaks is influenced mostly by Fe2*,
due to the presence of more unpaired d-electrons in Fe2*
than in Fe3+*. Let’s first consider the octahedral Fe2+ site,
for which correlations between FWHH of Si, H and F
MAS-NMR bands and the amount of [6]Fe2+ are shown in
Fig. 7a. The correlation factors obtained using [6]Fe2+ are
slightly lower than when using total iron contents
(Fe,03). If we now consider the sum of iron in the three
sites concerned ([6]Fe2* + [6]Fe3* + [4]Fe3+), the correlation
factor is again slightly lower than it would be doing the
correlation with total iron content. Nonetheless, it is
better than those obtained with only [6]Fe2+, indicating the
possible presence of an additional effect that might influ-
ence the FWHH (Fig. 7b). Finally, the best correlations
are found by introducing tetrahedral Al with the sum of
[6]Fe2+ + [6]Fe3+ + [4]Fe3*. These correlations are even
better than those obtained using total iron content alone,
and stress the important effect of low tetrahedral substi-
tutions on tetrahedral environment for at least Si, H and
F NMR spectra (Fig. 7c). A similar conclusion was
reached by Martin et al. (1996) using XAFS and FTIR
spectroscopy, who showed the strong influence of Ge
substitutions for tetrahedral Si in synthetic talc.

Another observation is that peak broadening resulting
from increasing iron content is accompanied by a shift of
the resonance peak position (3). In our study, the 29Si
chemical shift occurred according to the Q3 range, i.e.,
between —90 ppm and —100 ppm, as predicted by
Lippmaa et al. (1980 and 1981; see also Sanz &
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Serratosa, 1984). By analyzing Si/Al substitutions these
authors concluded that the position of the shift is dictated
by differences in composition of the octahedral sheet, as
well as by the presence of second neighbours such as Al
in the tetrahedral sheet. For all our NMR spectra, we
could measure a resonance peak-position shift (9),
although for H, F and Al it is limited to high Fe,O;
contents, whereas it is constant for Si with decreasing
Fe,0; amounts, likely due to Fe,O5 influences. The limit
value of 8 for pure talc was found around —98.52 ppm for
29Si. This value is not unlike that of all other trioctahedral
phyllosilicates. Limit values obtained for 'H and !9F are
around 0.5 ppm (sample 4) and —176 ppm (sample 9),
respectively.

We conclude that our results on peak broadening and
position shift (8) obtained on NMR spectra can provide
useful crystal-chemical data: for instance, one needs only
measuring FWHH and & position to evaluate the amount
of cationic substitution in both tetrahedral and octahedral
sheets ([6]Fe2* + [0]Fe3* + [4]Fe3+ + [4]1A13*), with the sole
exception of Ni-rich talc (Petit ef al., 2004a and b). The
linear dependence of the FWHH vs. total iron content or,
more precisely, versus the sum of [6]Fe2+ + [6]Fe3+ + [4]Fe3+
+ [4IAD3+ for all NMR elements, indicates iron cation dilu-
tion in the two talc sheets, but no Fe (or Al) cation segre-
gation. These observations are in agreement with the data
obtained by Martin et al. (1996) on tetrahedrally substi-
tuted synthetic talc (FTIR and XAFS data), as well as
with those of Martin et al. (1999) and Petit ef al. (2004a
and b) on natural talc. Dilution, rather than clustering, of
substituted cations in phyllosilicates is commonly a func-
tion of the conditions that prevailed during talc genesis
(i.e., high temperature and pressure).

5. Conclusions

Because of its beneficial properties to the final manu-
factured products, talc finds a wide variety of applica-
tions in paper coating, paint, ceramics, and polymer
industries. However, because talc can exhibit a wide
range of physical and chemical properties, it is necessary
to accurately characterize its crystal chemistry in order to
optimise its specific industrial applications. Indeed,
heterovalent and homovalent substitutions in talc can give
rise to quite variable characteristics, including modifica-
tion of surface properties. This can influence the poten-
tial of epitaxial growth of polymers (Ferrage et al., 2002),
as well as their hydrophobic properties (Bacchin et al.,
2005) and lubricant properties (Martin et al., 2004).
NMR spectroscopy, a very sensitive technique for Al-
bearing minerals, was applied here to a number of natural
talc samples containing low iron amounts. The results
indicate clearly that very low iron amounts can be used as
indirect NMR parameters to accurately characterize the
crystal-chemistry of talc. An interesting application of
this study is that, by simply measuring the bandwidth and
peak position shift (8) of MAS-NMR spectra of any of
2981, 'H, or 19F, one can obtain the precise content of even
very small amounts of structural iron in talc.
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