Clays and Clay Minerals, Vol. 50, No. 2, 240-247, 2002.

SOLID-STATE NUCLEAR MAGNETIC RESONANCE STUDY OF SEPIOLITE
AND PARTIALLY DEHYDRATED SEPIOLITE
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Abstract—The assignment of the 2°Si CP/MAS-NMR spectrum of naturally-occurring sepiolite clay was
re-examined using 2°Si COSY and "H-?°Si HETCOR pulse sequences. Each of the three main resonances at
-92.1, —-94.6 and —-98.4 ppm has been attributed to one of the three pairs of equivalent Si nuclei in the
basal plane, and the resonance at —85 ppm to Q*(Si-OH) Si nuclei. On the basis of the COSY experiment,
the resonance at —92.1 ppm is unambiguously assigned to the intermediate, near-edge Si sites. The
HETCOR experiment revealed that the resonance at —94.6 ppm cross-polarizes almost entirely from the
Mg —-OH protons, and therefore is assigned to the central Si position. The remaining resonance at
—98.4 ppm correlates strongly to the protons of the structural water molecules and therefore is assigned to
the edge Si sites. Nearly complete rehydration was achieved at room temperature by exposing sepiolite
samples that had been partially dehydrated at 120°C to water vapor or to D,O vapor. The rehydration
results support the 2°Si NMR peak assignments that were made on the basis of the COSY and HETCOR
experiments.

The 2°Si CP/MAS-NMR spectrum corresponding to the folded sepiolite structure in which
approximately one half of the structural water has been removed by heating to 350°C is reported for the
first time. The chemical shift values and relative intensities are significantly different compared to the
resonances that are observed in the corresponding spectrum of the true sepiolite anhydride. These
observations support the earlier claim that sepiolite heated to ~350°C exists as a distinct phase to be
differentiated from that of the completely dehydrated state.

Key Words—Dehydrated Sepiolite, Magic Angle Spinning NMR, Sepiolite, 2°Si CP/MAS-NMR, *Si
NMR Signals Assignment, 2-Dimensional Solid State NMR.

INTRODUCTION

Sepiolite is a naturally-occurring fibrous clay mineral
with the theoretical half unit-cell formula
Si15030Mgg(OH)4(OH,)4-8H,0 (Preisinger, 1959). The
structure of sepiolite is derived from talc-like T-O-T
ribbons that expand infinitely along the z direction, with a
width of three pyroxene chains (Figure 1a). Each ribbon is
connected to the next through an inverted Si —O —Si bond,
resulting in a staggered talc layer with a continuous
tetrahedral sheet and a discontinuous octahedral sheet.
The discontinuous nature of the octahedral sheet allows
for the formation of rectangular, channel-like micropores,
which run parallel to the fiber axis and which are filled
completely by zeolitic water (HO,o)) at room tempera-
ture. The channels measure ~3.7x 10.6 A in cross-
section, and they account in large part for the large
specific surface area and excellent sorptive properties of
sepiolite, once the zeolitic water has been removed by
thermal treatment that does not exceed 150°C. Finally, the
terminal Mg?* ions that are located at the edges of the
octahedral sheets complete their coordination with two
molecules of structural water (H,O,,), which are in turn
hydrogen bonded to zeolitic water molecules located
within the microporous channels.

Sepiolite crystals are progressively dehydrated as the
thermal treatment temperature is increased, with four
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stages of weight loss observed (Nagata et al., 1974;
Serna et al., 1975; Jiménez-Lépez et al., 1978). Heating
sepiolite in air at temperatures <150°C removes selec-
tively the zeolitic water molecules from the nanoporous
channels, while leaving the structural water molecules
and the Mg—-OH groups unaffected (Figure 1b).
Coordinated structural water molecules are lost at higher
temperatures in two steps; one H,O, per Mg?* is
removed, beginning at ~300°C in air (Figure lc) and a
second H,O, is released between 400-600°C, at which
point the true sepiolite anhydride is obtained
(Figure 1d). Folding of the sepiolite crystals occurs
when approximately one half of the structural water has
been removed, which allows the terminal Mg>* to
complete their coordination with the oxygen of the
neighboring silica surface. Structural folding is nearly
completely reversible provided that the treatment
temperature does not exceed 250°C (Weir et al., 2000),
but becomes irreversible once the true anhydride is
formed. Finally, the Mg—-OH hydroxyl groups are
released at ~780-850°C, and the anhydride is trans-
formed into enstatite (d’Espinose de la Caillerie and
Fripiat, 1994; Pérez-Rodriguez and Galdn, 1994).
Currently, a wide range of technological applications
is based on the sorptive and catalytic properties of
sepiolite (Galdn, 1996). Sepiolite is being used increas-
ingly as a decolorizing agent (Demirci ef al., 1995), as a
catalyst or catalyst carrier (Corma and Martin-Aranda,
1991; d’Espinose de la Caillerie and Fripiat, 1992;
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Figure 1. Schematic representation of the structure of sepiolite after (a) no thermal treatment, (b) heating in air to 120°C, (c) heating
in air to 350°C, and (d) heating in air to 500°C (adapted from Preisinger, 1963).

Damyanova et al., 1996), and as an odorant adsorbent in
environmental applications (Sugiura, 1993; Sugiura et
al., 1990, 1991). Sepiolite has also been used recently as
the major component for the fabrication of all-inorganic
ultrafiltration membranes (Le Van Mao et al., 1999;
Wang et al., 2001; Weir et al., 2001). It is therefore of
great interest to characterize fully and to understand the
properties of sepiolite. In fact, several papers have
discussed the structural, textural and sorptive properties
of sepiolite (Rytwo et al., 1988; Inagaki et al., 1990;
Shariatmadari et al., 1999) and of sepiolite after acid or
thermal treatment (Jiménez-Loépez et al., 1978; Pérez-
Rodriguez and Galan, 1994; Vincente et al., 1994;
Myriam et al., 1998). These studies utilized primarily
powder X-ray diffraction (XRD), infrared spectroscopy
(IR), TGA/DTA and a variety of adsorption/desorption
techniques involving the adsorption of molecules or
cations from either the vapor phase or from solution.
Magic-angle spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy can provide considerable
additional information pertaining to the structure of
solid-state microporous materials such as sepiolite. A
number of studies have previously examined the >°Si
MAS-NMR spectrum of sepiolite and of the products
that were obtained after thermal treatment at different
temperatures. Barron and Frost (1985) and Komarneni et

al. (1986) relied on empirical comparison with the
chemical shifts observed in other minerals and reported
contradictory assignments. More recently, cross polar-
ization techniques (*’Si CP/MAS-NMR) have been used
to assign the main sepiolite resonances (d’Espinose de la
Caillerie and Fripiat, 1992, 1994; Aramendia et al.,
1997; Shore et al., 1998). Peak assignments were made
based on the assumption that the transfer of magnetiza-
tion to the Si nuclei is possible only from the immobile
H,O,, protons; hence the efficiency of the cross-
polarization process was assumed to decrease as the
distance between the Si nuclei and the H,O,, protons
increased.

In the current work we have re-examined the 2°Si
MAS-NMR spectrum of sepiolite using the two-dimen-
sional 'H-?°Si HETCOR and 2?°Si-COSY pulse
sequences, which can provide more detailed information
about through-space and through-bond interactions,
respectively, and about the Si atom connectivity in the
sepiolite structure. In addition, using *°Si CP/MAS-
NMR, we have studied the rehydration of sepiolite
samples that had been partially dehydrated at 120°C.
Accurate information about the origin of the 2°Si MAS-
NMR spectrum of sepiolite and of thermally-treated
sepiolite will be of significant interest as the number of
useful applications for sepiolite continues to grow.
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MATERIALS AND METHODS

Materials

Sepiolite (SepSp-1) was obtained from the Source
Clay Mineral Repository (University of Missouri) and
was used without additional purification. Thermal
treatment was carried out for 19-20 h under air in a
baffle furnace, using sepiolite that had been gently
ground in a mortar and then passed through a 100-mesh
sieve. Rehydration of samples was performed immedi-
ately upon removing the partially-dehydrated clay from
the furnace. Approximately 0.1 g of clay was transferred
into a small open vial, which was placed inside a larger
capped vial along with a small amount of water or D,O.

Thermogravimetric analysis

Approximately 20 mg of sepiolite was placed in a
crucible on the pan of a microbalance in a Polymer
Laboratories TGA instrument. Analysis was performed
under flowing air using an oven temperature ramp rate of
2°C/min.

Nuclear magnetic resonance studies

Solid state 'H MAS-NMR and *°Si CP/MAS-NMR
spectra were recorded at 200.10 and 39.75 MHz,
respectively, at room temperature on a Bruker ASX-
200 spectrometer. Typical spinning rates of 5 kHz ('H)
or 4 kHz (*°Si) were used, respectively. The excitation
pulse and recycle time for '"H NMR were 3.5 ps (/2
pulse) and 2 s (16 scans), respectively. A ramped CP
pulse sequence was used for all 2°Si cross-polarization
experiments with 10 ms contact time for the transfer of
magnetization between protons and the 2°Si nuclei (2000
scans). The 29Si COSY and 'H-?°Si HETCOR experi-
ments were performed using untreated sepiolite that had
been gently ground to pass through a 100-mesh sieve.
The 2°Si signals were externally referenced to tetrakis
trimethylsilylsilane at -9.9 ppm, corresponding to
tetramethylsilane (TMS) at O ppm.
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RESULTS AND DISCUSSION

'H MAS-NMR spectra of sepiolite and of thermally-
treated sepiolite

The experimental conditions that were used to obtain
the TGA data were also employed to prepare the
partially dehydrated sepiolite samples for the NMR
experiments. Four discrete weight loss steps are
observed in the TGA plot (Figure 2) for sepiolite over
the temperature range of room temperature to 900°C.
Thermal pretreatment temperatures of 120, 350 and
500°C were selected after careful consideration of the
TGA data in order to yield progressively dehydrated
sepiolite samples of known composition for the NMR
study. Specifically, heating sepiolite to 120°C under the
current experimental conditions removes selectively the
zeolitic and surface-bound water molecules. Additional
heating to 350°C causes one molecule of structural water
(H,Oy,) per terminal Mg2+ ion to be lost, and finally the
second molecule of structural water per terminal Mg**
ion is removed by heating to 500°C, at which point the
true ‘sepiolite anhydride’ is obtained. The series of 'H
MAS-NMR spectra that is presented in Figure 3a—d
corresponds to untreated sepiolite and to sepiolite after
heating to 120, 350 and 500°C, respectively. An
unambiguous assignment of the '"H NMR spectrum of
the untreated sepiolite sample can be made by consider-
ing the spectral changes that occur as the sample is
progressively dehydrated under controlled conditions.
Correct peak assignments for the '"H MAS-NMR
spectrum of sepiolite are essential in order to be able
to understand the >°Si MAS-NMR results, and to make
meaningful arguments concerning the 'H-*°Si hetero-
nuclear correlation (HETCOR) NMR experiments.

The 'H MAS-NMR spectrum that was obtained using
untreated sepiolite (Figure 3a) appears to consist of two
overlapping resonances separated by ~4 ppm: a broad
resonance that produces numerous spinning side-bands
and a sharp resonance that produces only a few spinning
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Figure 2. TGA of a sepiolite sample heated from room temperature to 900°C in air using an oven ramp rate of 2°C/min.
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side-bands. The broad, lower-field resonance has pre-
viously been assigned to the protons of both the H,Oy,
and of the zeolitic water molecules, whereas the
resonance at higher field was attributed to Mg—-OH
groups (Aramendia et al., 1997). Removal of the zeolitic
water by heating to 120°C causes the broad, lower field
resonance to disappear, revealing a third and previously
unreported resonance that appears as a shoulder on the
lower-field side of the sharp resonance in Figure 3b.
This new resonance, which has almost the same chemi-
cal shift as the sharp resonance, gives rise to several
broad spinning side-bands, and is assigned to the protons
of the two molecules of H,O,, coordinated to each
terminal Mg?" ion. The 'H MAS-NMR spectrum that is
shown in Figure 3¢ was obtained from a sepiolite sample
that was heated to 350°C, at which point structural
folding of the crystals has commenced concomitant with
the removal of one half of the H,O,, molecules. The
lower field resonance in Figure 3c, which is due to the
protons of the remaining H,O,, molecules that are now
situated in a more highly constrained environment and
are therefore less mobile, is noticeably sharper than the
corresponding resonance in Figure 3b. Removal of the
second H,O,, by heating the sepiolite to 500°C yielded a
spectrum that contains only a single sharp resonance
with two spinning side-bands on either side (Figure 3d),
which was logically assigned to the protons of the Mg-
OH groups (Aramendia et al., 1997).

Assignment of the ?°Si MAS-NMR spectrum of sepiolite

The *°Si CP/MAS-NMR spectra of untreated sepiolite
and of sepiolite that was previously heated in air at 120,
350 and 500°C are presented in traces a —d, respectively,
of Figure 4. d’Espinose de la Caillerie and Fripiat (1992,
1994) were the first to report the **Si CP/MAS-NMR

a

100 50 0

ppm

Figure 3. 'H MAS-NMR spectra obtained at 25°C from (a)
untreated sepiolite, (b) sepiolite heated to 120°C, (c) sepiolite
heated to 350°C, and (d) sepiolite heated to 500°C.
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spectrum of sepiolite, which consists of three well-
resolved resonances of approximately equal intensity at
-92.7, -94.3 and -98.2 ppm. A significantly less
intense resonance around —85 ppm was also observed.
It was plausibly attributed to terminal Q*(Si—OH) in the
micropores. The resonance at —94.3 ppm was found to
be sensitive to the match of the Hartman-Hahn condition,
namely y(‘H)H;('H) = y(**Si)H,(*°Si), whereas the
other two were not. We have also found that the
intensity of the central line varied dramatically when
the probe tuning drifted a small amount during overnight
experiments. Thus, in all of the ?°Si CP/MAS-NMR and
two-dimensional NMR studies a ramped cross-polariza-
tion pulse was utilized, which is far less sensitive to
slight changes in the probe tuning. As a result, the
spectrum shown in Figure 4a contains three well-
resolved resonances of approximately equal intensity
that we measure at —92.1, —94.6 and -98.4 ppm. In
previous 2°Si CP/MAS-NMR studies (d’Espinose de la
Caillerie and Fripiat, 1994; Aramendia et al., 1997) it
was assumed that polarization transfer is possible only
from the non-mobile protons of the structural water
molecules and not from Mg—-OH protons. Under this
assumption, the degree to which the signal intensity is
enhanced in the 2°Si CP/MAS-NMR spectrum is related
to the cube of the distance between the Si nuclei and
protons of the H,Oy, molecules. Thus, the resonance at
—-94.6 ppm was assigned to Type 1 (edge site, see
Figure 1a) Si atoms because it showed the greatest
enhancement in the 2°Si CP/MAS-NMR spectrum.
Similarly, the resonances at —92.1 and -98.4 ppm
were assigned to Type 2 (near edge) and Type 3 (center)
sites, respectively, on the basis that the intensity
enhancement due to the transfer of polarization
decreased in that order.

-90 -100 -110 -120

ppm

Figure 4. 29Si CP/MAS-NMR spectra obtained at 25°C from (a)
untreated sepiolite, (b) sepiolite heated to 120°C, (c) sepiolite
heated to 350°C, and (d) sepiolite heated to 500°C.
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In the current study we have re-examined the
previously-proposed peak assignments with the aid of
two-dimensional NMR pulse sequences. To the best of
our knowledge, a 2°Si COSY spectrum is reported for
sepiolite for the first time. The two-dimensional
281 COSY and 'H-?°Si HETCOR spectra appear in
Figures 5 and 6, respectively. In each case untreated
sepiolite was used, thus the COSY and HETCOR
experiments were performed using samples that con-
tained protons associated with zeolitic water, with H,Oy,
and with Mg—OH groups. The °Si COSY spectrum
shown in Figure 5 clearly indicates that the Si nuclei that
give rise to the resonance at —92.1 ppm are connected
by Si—0O —Si bonding to the Si nuclei that give rise to the
resonances at —94.6 and -98.4 ppm. This evidence
positively identifies Type 2 (near edge) Si atoms as the
origin of the resonance at —92.1 ppm, which is in
agreement with previous assignments (see Table 1).

The two remaining resonances at —-94.6 and
-98.4 ppm can be assigned on the basis of the
HETCOR spectrum that is shown in Figure 6, taking
into account the discussion of the '"H MAS-NMR spectrum
that was presented in the previous section. Of interest in
Figure 6 is the fact that the line at —94.6 ppm correlates to
the sharp resonance in the proton spectrum, which is
clearly the case due to the absence of any cross-peaks with
the spinning side-bands. The resonance is therefore
attributed to Type 3 (center) Si sites, which are located
very close to the Mg —OH groups and would be expected
to cross-polarize efficiently only with the hydroxyl group

_ ppm

T T | "
ppm -90 -95 -100
Figure 5. 2°Si COSY NMR spectrum of untreated sepiolite.
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proton. Conversely, the peak at —-98.4 ppm correlates
strongly to the broad resonance in the 'H MAS-NMR
spectrum, and gives rise to several cross-peaks with the
spinning side bands that are associated with the broad
resonance. It is proposed that the origin of the resonance at
—98.4 ppm is the Type 1 (edge) Si atoms, which are
situated very close to the structural water molecule
protons that are located at the edges of the octahedral
sheets. The resonance at —92.1 ppm is attributed to Type
2 (near edge) Si nuclei on the basis of the COSY
spectrum. The HETCOR experiment reveals that this
resonance is an intermediate case that shows correlation to
both types of 'H nuclei. This is consistent with the Type 2
Si sites occupying a position that is intermediate between
the two types of protons.

A complete summary of the peak assignments is
presented in Table 1, along with the assignments that
have been proposed in earlier works. This attribution is
also in agreement with the behavior of the intensity of
the central peak when the Hartman-Hahn condition is not
perfectly matched. Under these conditions, the central
peak does not cross-polarize as efficiently as the other
two peaks. A study of the variation of the peak
intensities as a function of the °Si power showed that
the central line signal could be completely lost while the
other two resonances could still be observed. This is
indicative of a weak dipolar coupling, with 2°Si nuclei
behaving almost like structurally-isolated spins. This is
in good agreement with the attribution of the central line
to Type 3 (center) Si sites, located very close to the Mg-
OH groups and expected to cross-polarize efficiently
only with the hydroxyl group proton.

Sepiolite was heated to 120°C for 20 h, and subse-
quently exposed to D,O for three days. The 'H-?°Si
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Figure 6. 'H-2°Si HETCOR NMR spectrum of untreated
sepiolite.
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Table 1. °Si NMR signals assignments for sepiolite.

Shift Barron and Komarneni d’Espinose de la Aramendia Shore et This work

(ppm) Frost (1985) et al. (1986) Caillerie et al. (1994) et al. (1997) al. (1998)

-97.8 Edge Center Center Center Edge Edge

-94.3 Center n.a. Edge Edge Center Center

-92.0 Near edge n.a. Near edge Near edge Near edge Near edge

-85 QSi-OH) Q3(Si-1Al) Q?(Si—-OH) Q3(Si-1Al) Q3(Si-1Al) Q*Si-OH)

n.a. — not applicable

HETCOR NMR spectrum of that sample is shown in
Figure 7. There is a definite cross-peak linking the *°Si
resonance at —85 ppm with the upfield 'H signal
characteristic of the OH groups. This correlation
provides strong evidence for the attribution of the
-85 ppm signal to terminal Q*(Si—OH) Si nuclei.

The *°Si CP/MAS-NMR spectra of sepiolite samples
that were partially dehydrated by heating in air to 120,
350 or 500°C are presented in Figure 4b, 4c and 4d. Our
attempts to obtain two-dimensional NMR spectra using
the partially dehydrated samples were not successful,
and therefore it was not possible to assign the peaks to
specific Si sites. Aramendia et al. (1997) and d’Espinose
de la Caillerie and Fripiat (1994) have commented on the
2Si MAS (and CP/MAS) NMR spectra of sepiolite that
was heated to 120 and 500°C, but the spectrum for
sepiolite after heating to 350°C (Figure 4c) has not been
reported previously. The differences that are observed in
the intensities and the chemical shifts of the peaks for
the 350°C-heated samples compared to the 500°C-heated
samples support the earlier claim by Nagata et al. (1974)
that the former exist as distinct phases to be differ-
entiated from that of the completely dehydrated state.

ppm -90 -100

Figure7. '"H-2°Si HETCOR NMR spectrum of sepiolite heated to
120°C and subsequently exposed to DO for three days.

Rehydration of sepiolite clay previously heated to
120°C

Although there is no change in the unit-cell dimen-
sions of sepiolite after the removal of the zeolitic water
by heating to 120°C (Preisinger, 1959), the *°Si CP/
MAS-NMR spectrum does undergo a significant change
(Figure 4b). The resonance at —-92.7 ppm remains
essentially unaffected. However, the other two reso-
nances become coincident and produce a single reso-
nance with twice the intensity of the original lines. This
low-temperature structural change is almost completely
reversible (Inagaki er al, 1990; Rytwo et al, 1998;
Shariatmadari et al., 1999) provided the thermal treat-
ment temperature does not exceed ~250°C. In the current
work we have successfully rehydrated sepiolite samples
that were previously heated in air to 120°C by placing
them in contact with water vapor or D,O vapor for a
period of up to 4 days at room temperature.

The ?°Si CP/MAS-NMR spectra of sepiolite heated to
120°C and of sepiolite-H,O and sepiolite-D,O are
presented in Figure 8a, 8b and 8c, respectively. *°Si CP/
MAS-NMR is very sensitive to the slight change in the
sepiolite structure that occurs when the zeolitic water is
removed from the micropores. As is shown in Figure 8a,

Cc
Jb \
a
-70 -80 -90 -100 -110 -120
ppm

Figure 8. 2°Si CP/MAS-NMR spectra obtained at 25°C from (a)
sepiolite heated to 120°C, (b) sepiolite heated to 120°C and
subsequently exposed to H>O vapor, and (c) sepiolite heated to
120°C and subsequently exposed to D50.
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only two resonances are observed following the removal
of the zeolitic water by low-temperature thermal treat-
ment. Exposure to water vapor (room temperature, 3 days)
fully restores the original sepiolite structure and the *°Si
CP/MAS-NMR spectrum that is obtained (Figure 8b) is
indistinguishable from that of the original, untreated
sepiolite sample (compare to Figure 4a). It is worth
mentioning that exposure to some organic compounds,
acetone for example, can also restore the original sepiolite
structure, which encapsulates organic guests in the
zeolitic channels (Weir et al., 2000).

The spectrum that is presented in Figure 8c was
obtained from a partially dehydrated sepiolite sample
that was subsequently exposed to D,O vapor under
conditions identical to those that were used to rehydrate
the sample in water. In this case, the structure of the
partially dehydrated sepiolite has apparently been
restored to that of sepiolite before thermal treatment
since the three expected resonances are present in the
29Si CP/MAS-NMR spectrum. The relative intensities of
the peaks are not in the expected 1:1:1 ratio, and
therefore the efficiency of the transfer of magnetization
from the immobile protons to the different Si sites is no
longer equal. This effect is caused by the presence of
D,O molecules inside the micropores, which undergo an
exchange with the H,Oy, molecules or Mg-OH protons.

CONCLUSIONS

The assignment of the three main resonances in the
2%Si MAS-NMR spectrum of naturally-occurring sepiolite
clay has been re-examined, using two-dimensional pulse
sequences to aid in the interpretation of the spectrum.
Each of the three main resonances at —92.1, —94.6 and
—98.4 ppm has been attributed to one of the three pairs of
equivalent Si nuclei in the basal plane. The resonance at
—92.1 ppm is unambiguously assigned to the intermedi-
ate, near-edge Si sites. The resonance at —94.6 ppm
cross-polarizes almost entirely from the Mg —OH protons,
and therefore is assigned to the central Si position. The
remaining resonance at —98.4 ppm correlates strongly to
the protons of the structural water molecules and therefore
is assigned to the edge Si sites. The resonanceat —85 ppm
was attributed to Q2(Si—OH) Si nuclei.

The *°Si CP/MAS-NMR spectrum corresponding to
the folded sepiolite structure in which approximately one
half of the structural water has been removed by heating
to 350°C is reported for the first time. The results
support the earlier claim that sepiolite heated to ~350°C
exists as a distinct phase to be differentiated from that of
the completely dehydrated state.
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