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THE INTERLAYER COLLAPSE DURING DEHYDRATION OF SYNTHETIC
Na, ,-BEIDELLITE: A 23Na SOLID-STATE MAGIC-ANGLE
SPINNING NMR STUDY!
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Abstract— The dehydration and migration of the interlayer cation of the synthetic beidellite Na, ,Al, 581, ,050-
(OH),-nH,0, were studied with solid-state 2*Na and Al MAS-NMR, heating stage XRD, and ther-
mogravimetric analyses (TGA, DTA). The 2?*Na MAS-NMR of Na-beidellite at 25°C displays a chemical
shift of 0.2 ppm, which indicates a configuration comparable with that of Na* in solution. Total dehy-
dration proceeds reversibly in two temperature ranges. Four water molecules per Na* are gradually
removed from 25° to 85°C. As a result, the basal spacing decreases from 12.54 A 10 9.98 A and the Na*
surrounded by the two remaining water molecules is relocated in the hexagonal cavities of the tetrahedral
sheet. The chemical shift of 1.5 ppm exhibited after the first dehydration stage illustrates the increased
influence of the tetrahedral sheet. The high local symmetry is maintained throughout the entire first
dehydration stage. During the second dehydration, which proceeds in a narrow temperature range around
400°C, the remaining two water molecules are removed reversibly without any change of the basal spacing.
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INTRODUCTION

In the last decade, pillared smectites were increas-
ingly studied for their possible use as catalysts and
molecular sieves. The nature of the interlayer cation
and its hydration shell largely determine properties such
as swelling, cation exchange, and catalytic activity, e.g.,
in oil cracking reactions.

Dehydration reactions provide important informa-
tion about the interlayer configuration. With the syn-
thetic beidellite Na,,Al,,Si,;0,,(OH),-nH,0, Klo-
progge et al. (1990a) observed one main dehydration
reaction occurring below 55°C, followed by a slow but
continuous dehydration up to approximately 400°C.
Experimental studies by Koster van Groos and Gug-
genheim (1984, 1986, 1987) have demonstrated that
montmorillonite dehydrates in two stages. The two
dehydration steps were interpreted as dehydration of
a voluminous, but weakly bonded, outer hydration shell
around the interlayer cation, and of a more strongly
bonded inner hydration shell at approximately 140° to
150°C and 200° to 210°C, respectively.

Solid-state magic-angle spinning nuclear magnetic
resonance (MAS-NMR) on zeolites and clays is a pow-
erful technique to elucidate the structural environment
of exchangeable cations such as "Li, 2*Na (Janssen ez
al., 1989a, 1989b), '13Cd (Bank et al., 1989), and '33Cs
(Chu et al., 1987; Kirkpatrick, 1988; Weiss et al., 1990a,
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1990b). 22Na MAS-NMR has been applied to zeolites,
sodium-feldspars (Kirkpatrick ef al., 1985; Yang et al.,
1986) and framework aluminosilicate glasses (Oestrike
et al., 1987). Most of the structural information is gath-
ered from the 2*Na chemical shifts and from the changes
in the second order quadrupole interactions.

The purpose of the present study is to elucidate the
interlayer geometry of Na-beidellite during dehydra-
tion. Knowledge of the interlayer geometry as a func-
tion of the extent of dehydration may provide insight
on phenomena proceeding during pillaring of synthetic
Na-beidellite. More particularly, information may be
gained concerning the position of the pillars and the
structural relation with the tetrahedral sheets of the
clay. Therefore, 22Na and 2”Al magic-angle spinning
nuclear magnetic resonance (MAS-NMR) is performed
in experiments in which the Na-beidellite is heated to
105°C. For refinement of the interpretation, the results
are combined with thermogravimetric (TGA) and dif-
ferential thermal analysis (DTA) up to 1100°C, and
heating stage X-ray diffraction (HT-XRD) up to 400°C.

EXPERIMENTAL METHODS
Samples
Na-beidellite, Na, ,Al, ,;Si, ;0,,(OH),-nH,0, is hy-
drothermally synthesized from a stoichiometric gel
prepared according to the method of Hamilton and
Henderson (1968). The synthesis is performed at 350°C

and 1 kbar in a Tuttle-type, externally heated, cold-
seal pressure vessel (Tuttle, 1949). Kloprogge et al.
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Table 1.
beidellite (Kloprogge et al., 1990a, 1990b).
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Chemical composition, unit cell parameters, and ?’Al and 2°Si MAS-NMR chemical shifts of the synthetic Na-

Solid-state MAS-NMR

Chemistry X-ray diffraction AL 81
Formula Unit cell'
Wt, % 22 0) parameters (A) 4 (ppm) I 5 (ppm) I
SiO, 56.76 Si 7.3 a 5.18 £0.005 AL 69.9 0.25 Si(0Al) —92.7 0.61
ALO, 30.96 Al 4.7 b 8.96 + 0.008 ©IAl 3.9 0.75 Si(1Al) —88.4 0.29
Na,O 2.44 Na 0.6 c 12.54 £ 0.011 Si(2Al) —82.3 0.10
H,0 9.65

! Orthorhombic cell (Kloprogge et al., 1990a).

(1990a, 1990b) have reported on the synthesis proce-
dure and product characterization. The samples are
dried overnight at 120°C and rehydrated in air of ap-
proximately 60% relative humidity before the dehy-
dration experiments. A summary of selected miner-
alogical data is given in Table 1.

Analytical techniques

A Du Pont 1090 analyzer was used for TGA, DTG,
and DTA, applying heating rates of 0.5°C/min and
10°C/min within a N, flow. Approximately 20 mg of
clay were used for these experiments. Heating stage
X-ray powder diffraction was carried out with CuKe;,,
in an HT Guinier (Enraf Nonius FR553) focusing
powder camera, applying a heating rate of 0.5°C/min.
23Na, 27Al, and 2°Si MAS-NMR spectra were recorded
on a Bruker WM500 (11.7 Tesla) at 132.258, 130.321,
and 99.346 MHz, respectively, at the Department of
Physical Chemistry, University of Nijmegen. The pulse
width was 3.0 usec for both Al and Na. The samples
were spun at a frequency of approximately 10.5 kHz
for Al and Si NMR, and 3 kHz for Na NMR. Standard
256 Free Induction Decays (FIDs) were accumulated
at a repetition time of 1 s. Chemical shifts are reported
in ppm relative to a NaCl solution for 2*Na and to
AI(H,0)** for 27Al.

RESULTS

At a relative humidity of 60%, HT-XRD of ran-
domly oriented samples reveals a collapse of the in-
terlayer spacing in the temperature range of 20°to 54°C.
The dgo, and dy,, decrease from 12.54 A and 6.27 A
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Figure 1. Heating stage X-ray powder diffraction pattern in

the temperature range 20° to 150°C (Guinier film). Indicated
are the (001) reflections.
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at 20°C to 9.98 A and 4.99 A at 54°C, respectively.
The intensity of the (004) reflection decreases in this
temperature interval and ultimately disappears, where-
as the (003) reflection becomes stronger (Figure 1). Up
to 400°C the basal spacing remains constant.

The collapse of the interlayer spacing coincides with
a strong weight loss of 6.6% below 85°C as confirmed
by TGA (Figure 2A), applying the same heating rate
(0.5°C/min) as in the HT-XRD. Between 85°and 400°C
an additional amount of 2.6 wt. % water is gradually
lost. The DTA curve exhibits one strong endothermic
peak at 80°C (Figure 2B).

A water resorption experiment was performed in a
TGA-balance after dehydration up to 400°C, followed
by cooling to 25°C and keeping the sample at 25°C for
1400 min. The Na-beidellite resorbs water until a con-
stant weight is reached after 1300 min (Figure 3). An
amount equal to 2.16 moles water is adsorbed per mole
Na-beidellite in air with a relative humidity of ap-
proximately 60%. XRD of the resorbed Na-beidellite
reveals a rapid recovery of the basal spacing to 12.44
A after approximately 45 min.

23Na MAS-NMR spectra of Na-beidellite exhibit one
sharp resonance near 0 ppm (Figure 4A). No doublets
typical of relatively large second order quadrupole in-
teractions are observed. Upon dehydration the chem-
ical shift d,, taken as the peak maximum, changes
linearly from 0.27 ppm at 25°C to 1.56 ppm at 105°C
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Figure 2. Thermal analysis results for synthetic Na-beidel-
lite: A) TGA, B) DTA.
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Figure 3. Resorption of water following dehydration at 400°C
and subsequent cooling to room temperature in the TGA
apparatus. The increase in weight represents 3 molecules H,O

per Na*. Solid line = weight in mg, y-axis values on left;
dashed line = temperature profile, y-axis values on right.

(Figure 5). The linewidth at half height (FWHH) de-
creases simultaneously from 33.6 to 20.3 Hz (Table 2).

In the 27Al spectra two resonances are recognized
with chemical shifts, 6,, of approximately 3.9 ppm and
69.9 ppm (Figure 4B), representing ¢!Al and ALl re-
spectively, in the Na-beidellite structure (Kloprogge et
al., 1990a). The ®1A] resonance exhibits a right-side
asymmetry. Dehydration has no influence on the
chemical shifts of both Al and ©?Al. The FWHH of
the tetrahedral Al resonance remains constant, whereas
that of the octahedral one decreases from 895 Hz at
25°C to 692 Hz at 105°C (Table 2). The #°Si spectra
exhibit signals at —92.7 ppm, —88.4 ppm, and —82.3
ppm assigned to Si surrounded by zero, one, and two
Al in the neighbouring tetrahedra. A small shift, ap-
proximately 0.3 ppm, towards more negative values is
observed upon heating. The peak width at half height
increases slightly from 736 Hz to 796 Hz.

DISCUSSION

The basal spacing of Na-beidellite (12.54A) indicates
the presence of a monomolecular layer of water in the
interlayer, in which each Na* atom, surrounded by
water molecules, is positioned very close to the center
of the interlayer space (Kawano and Tomita, 1991).
The decrease of the basal spacing to 9.98 A during

Table 2. 23Na and 2’Al MAS-NMR chemical shifts é (ppm)
and full width at half height FWHH (Hz) as a function of
dehydration temperature.

“Na THIAL AL
T (°C) [ FWHH 8 FWHH ) FWHH
25 0.266 33.6 69.9 488 3.9 895
45 0.632  30.5 69.9 488 3.9 827
65 0.899 254 69.9 488 3.9 786
85 1.223 244 69.9 488 3.9 732
105 1.555 203 69.9 488 3.9 692
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Figure 4. Solid-state MAS-NMR spectra of synthetic Na-
beidellite: A) 2*Na and B) 2’ Al. SS signifies spinning sidebands.

dehydration below 85°C indicates the break up of the
monomolecular layer. The TGA profile displays a ma-
jor loss of 6.6 wt. %, which is equivalent to 2.9 moles
of water per mole of Na, ,-beidellite, or representing 4
molecules of water per Na* atom. Upon heating to
400°C the dehydration of the Na-beidellite produces a
constant basal spacing of 9.98 A and slowly progresses
to a total weight loss of 9.2%, which is equivalent to
6 molecules of water per Na* atom. Na surrounded by
6 water molecules is known to have an octahedral co-
ordination which would result in the development of
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Figure 5. Chemical shift 6 (open circles) and the linewidth

at half height (FWHH) (solid squares) of >*Na as function of
the dehydration temperature.

a two-layer hydrate of Na-beidellite having a basal
spacing of 14-15 A. At the applied relative humidity
of 60%, capillary condensation in the interaggregate
and intraaggregate pores of the beidellite may well be
initiated and account for some of the adsorbed water
(Touret et al.,, 1990). This explains the basal spacing
of 12.54 A of a one-layer hydrate beidellite.

The synthetic Na-beidellite exhibits a continuous de-
hydration between 85° and 400°C, which, smoothly,
changes into dehydroxylation above approximately
400°C (Kloprogge et al., 1990b). According to Koster
van Groos and Guggenheim (1987) the second dehy-
dration step of montmorillonite terminates at approx-
imately 260°C. The difference in dehydration behav-
iour of beidellite and montmorillonite is attributed to
a difference in the clay sheets, especially the distribu-
tion of electrostatic charge affecting the configuration
of the interlayer region. In montmorillonite the nega-
tive charge originates mainly from octahedral M2+ sub-
stitution for AI3* and, therefore, is distributed over all
oxygens in the tetrahedral layer. In beidellite, on the
other hand, the negative charge is due to tetrahedral
Al** substitution for Si**. The negative charge thus is
mainly located on the three basal oxygens of the Al*+
substituted tetrahedron, resulting in a more strongly
localized interaction with the adjacent interlayer re-
gion. Hence, one would expect strong electric field gra-
dient (EFQG) effects in the Al, especially during dehy-
dration. The unchanged linewidth of the tetrahedral
Al NMR peak, however, indicates that the EFG must
remain unmodified (Luca et al., 1989).

The dehydration experiments have shown that the
basal spacing is 9.98 A after the first dehydration stage,
with still two water molecules per Na* atom present.
This suggests a reorganization of the geometry of the
remaining interlayer water around the Na*, The uptake
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of one additional molecule of water per Na* is sufficient
to restore the original geometry and a basal spacing of
12.44 A. The dimensions of the water molecules force
the Na-beidellite to assume the original basal spacing
immediately after the start of the water resorption.

The chemical shift of the 23Na resonance at 25°C of
the Na-beidellite is very close to that of Na* in solution,
indicating a similar environment. The rapid motion of
water molecules around the Na* causes an efficient
relaxation, as previously reported for ''*Cd in mont-
morillonite (Bank et al., 1989). Therefore, a very short
repetition delay of 0.15 s suffices for the 22Na MAS-
NMR spectra. The change of the local environment
due to the removal of 4 water molecules and the col-
lapse of the interlayer space from approximately 3 A
to 0.5 A upon dehydration seems to make the peak
maxima more positive. It has to be kept in mind that
exact interpretation of the observed differences in
chemical shift is difficult due to the influence of the
motionally averaged environment of the Na*. The
chemical shift differences point to a steadily increasing
influence of the tetrahedral sheet and especially the Al**
substituted tetrahedra on the Na* site. The sharp single
resonance of 22Na reflects a relatively small quadrupole
coupling constant (QCC = e2qQ/h) and, therefore, a
high local symmetry.

Neglecting the influence of the motionally averaged
environment, an approximate quadrupole coupling
constant can be calculated from the measured line-
width at half height (FWHH) by applying the formula
for the linewidth postulated by Akitt (1989) from the
calculations of Kentgens et al. (1983):

v, 2
FWHH = -+
3y,
in which vy = 3e2qQ/h2I(21 — 1) (e2qQ/h = QCC in
kHz, 22Na spin I = 3/2) and v, is the Larmor frequency
(in kHz). At 25°C the quadrupole coupling constant
(QCC) is approximately 230 kHz. This value is only
slightly higher than that of solid NaCl (approximately
117-135 kHz at 25°C based on a FWHH of 3—4 ppm
at 39.7 MHz, Meadows et al,, 1982) which has a very
high local symmetry with each Na* in an octahedron
of six Cl-. It is lower than the QCC of NaNQO; (=300
kHz) or NaNO, (=1.1 MHz, Engelhardt and Michel,
1987).

Modification of the local environment of the Na*
caused no changes in the 27Al MAS-NMR chemical
shifts for both Al and Al in the first dehydration
interval. Applying the same relation for the calculation
of the quadrupole coupling constants of the “Al and
6)A] results in values of 2.9 MHz and 3.9 MHz, re-
spectively. The value obtained for the octahedral res-
onance is rather questionable, because the asymmetry
of the resonance may arise from several sites with the
same coordination and similar chemical shift, but dif-
ferent quadrupole coupling constants and asymmetry
parameters n. Woessner (1989) reported slightly greater
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linewidths for natural beidellite from the Black Jack
Mine, Idaho: 4.2 ppm (547 Hz) and 4.4 ppm (573 Hz)
for tetrahedral (6 = 70.0 ppm) and octahedral (6 = 3.1
ppm) Al, respectively. Based on the Kunwar ez a/. (1984)
formula,

dppm) = —6 x 103(e2qQ/huy)*(1 + Yn?),

in which 7 is the asymmetry parameter, Woessner (1989)
calculated a SOQE (second order quadrupole effect),
which is equal to (e?qQ/h)(1 + 'An?)*, for the tetrahe-
dral resonance of 2.54 MHz. The asymmetric octa-
hedral resonance was described by a peak with n = 0
and QCC = 5.6 MHz and one with SOQE = 2.1 MHz.
In general the SOQE for [JAl increases with increasing
tetrahedral substitution resulting from a tetrahedral
sheet distortion (Ghose and Tsang, 1973). In compar-
ison with the Black Jack beideliite, the synthetic bei-
dellite has a slightly lower tetrahedral Al substitution
(WALl/Si = 0.151 and 0.096, respectively) and thus a
lower SOQE is expected. Based on the QCC of 2.9
MHz and assuming n = 0, the SOQE is slightly higher
than the value of 2.49 MHz observed by Woessner
(1989). The difference in QCC may be caused by a
poorer crystallinity of the synthetic beidellite.

The decreasing linewidths of the 2*Na and *’Al res-
onances are caused by second order quadrupole effects
due to heating in the NMR apparatus. Quadrupole
relaxation is partly governed by the correlation time
of the EFG. This term is temperature dependent and
decreases with increasing temperature, thus narrowing
the linewidth of quadrupolar nuclei (Akitt, 1989).

Upon dehydration small monovalent interlayer cat-
ions, such as Na*, can take up position in the hexagonal
cavities close to the AI’+ substituted tetrahedra (Ka-
wano and Tomita, 1991), forming chains parallel to
the b-axis. The Na* is thereby bonded to only one
tetrahedral sheet. The alternate chain of hexagonal cav-
ities is left vacant (Giiven, 1988). The positioning of
Na* in the hexagonal cavities explains the high local
symmetry and change in chemical shift observed by
23Na MAS-NMR after the first dehydration step.

The very small changes in the 2°Si chemical shift and
linewidth suggest small changes in the distribution of
Si—O-Si/Al bond angles due to the movement of Na*
to the hexagonal cavities. It also agrees with the de-
crease of the interlayer space to 0.5 A, which is even
smaller than the effective radius of Na* (e.g., 0.99 A
for “INa and 1.39 A for !'"”Na in chalcogenides
and halides, Shannon, 1976). In paragonite,
Na,AlSi;O20(OH),, the sodium ions are similarly sit-
uated in the hexagonal cavities having an octahedral
coordination with an average distance Na-O of 2.63
A (Sidorenko et al., 1977a, 1977b; Lin and Bailey,
1984). Furthermore, computer calculations of XRD
intensities for beidellite and dehydrated beidellite with
interlayer Na* positioned on the same level as the basal
oxygen of the tetrahedral layer show exactly the same
behaviour as observed with HT-XRD.
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The size of a water molecule combined with the
relatively high dehydration temperature of the re-
maining two water molecules without any further de-
crease in basal spacing indicate that the water mole-
cules are more strongly bonded to the interlayer Na*
and may be located in one or two hexagonal cavities.
This is supported by the fact that the enthalpy per water
molecule for the second dehydration step in mont-
morillonites is clearly higher than that of the first step
(Koster van Groos and Guggenheim, 1987).

The ordering of the Na* in chains due to the distri-
bution of Al over the tetrahedral sheet following the
Loewenstein avoidance rule (Loewenstein, 1954) also
has implications for the distribution of pillaring com-
plexes such as the tridecameric polymer Al,;, in pil-
lared clays. The pillars are probably situated directly
between two hexagonal rings from two adjacent tet-
rahedral sheets containing substituted Al, resulting in
a rather regular hexagonal distribution of the pillars.
After calcination these pillars are presumably anchored
to the apical oxygen of an inverted aluminum tetra-
hedron pointing out into the interlamellar space from
the tetrahedral sheet, as suggested by Plee e al. (1985)
based on >’Al and °Si MAS-NMR.

CONCLUSION

The data consistently point to a model in which the
Na* in Na-beidellite exhibits a behaviour comparable
to that of Na* in solution with a rapid motion of the
water molecules around the Na*, as evidenced by the
rapid relaxation. The very high local symmetry is sup-
ported by the small QCC of 113 kHz. During the first
step of the dehydration, which proceeds below 85°C,
four of the six water molecules are easily removed,
resulting in a decrease of the basal spacing from 12.54
A 10 9.98 A. The 1otal loss of 6 water molecules per
Na* during dehydration and the observation of a basal
spacing of a one-layer hydrate beidellite indicate that
not only interlayer hydrate complexes are formed but
also capillary condensation in the pores takes place.
After the first dehydration step, the remaining two wa-
ter molecules and the Na* are relocated in chains of
hexagonal cavities near the Al** substituted tetrahedra
and no further decrease of the basal spacing can be
observed. The Nat* is situated within the hexagonal
cavity, because the interlayer space of 0.5 A is smaller
than the effective radius of the Na* ion. This relocation
results in a slightly stronger bonding of the water mol-
ecules to the interlayer Na* as evidenced by the high
dehydration temperature of 400°C.
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