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Abstract— Ammonium-saponite is hydrothermally grown at temperatures below 300°C from a gel with
an overall composition corresponding to (NH,), ¢Mg;Alg ¢S5 40,0(OH),. Using ?? Al and »*Si solid-state
Magic Angle Spinning NMR techniques it is demonstrated that synthetic ammonium-saponites have a
rather constant Si/Al"Y ratio (=5.5) and an Al'V/Al'! ratio that varies between 1.5 and 3.8. The above
ratios are independent of the synthesis temperature, although an increasing amount of Si, N, and, to a
lesser extent, Al are incorporated in an amorphous phase with increasing temperature. 2?Al MAS-NMR
is unable to differentiate between Al at octahedral and AI?+ at interlayer sites. CEC, XRD, and the inability
to swell prove the AlY! to be mainly on the interlayer sites. Based on the NH,~ exchange capacity, X-ray
fluorescence, 27Al and *Si MAS-NMR, it is possible to calculate a relatively accurate structural formula.
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INTRODUCTION

Saponite is a trioctahedral 2:1 phyllosilicate, which
is composed of sheets formed by a central octahedral
sublayer containing predominantly magnesium ions
sharing oxygens with two Si-containing tetrahedral
sublayers on both sides. A negative charge is created
by isomorphous substitution of Si by aluminum in the
tetrahedral sublayers. This negative charge may be
compensated by cations such as Na+, K+, Ca?* in the
interlayer separating successive sheets (Figure 1). Alu-
minum can also substitute for magnesium in the oc-
tahedral sublayer following the muscovite substitution:
3Mg = 2Al + vacancy, without creation of a positive
charge. Suquet ef al. (1981), on the other hand, sug-
gested a substitution of 1Mg = 1Al creating a positive
charge, which compensates a negative charge of the
tetrahedral sublayer. Additionally both Al** and Mg+
can be present as an interlayer cation.

Techniques such as XRD, XRF, IR, or TGA/DTA
are unable to determine the precise distribution of the
aluminum in saponites. In recent years Magic Angle
Spinning Nuclear Magnetic Resonance (MAS-NMR)
spectroscopy has proven to be a powerful tool to obtain
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such structural information (Sanz and Serratosa, 1984,
Kinsey et al., 1985; Woessner, 1989).

With ?°Si MAS-NMR, it has been demonstrated that
the resonance positions (chemical shifts) of silicon at-
oms are dependent on the branching of the silicon at-
oms and on the degree of tetrahedral aluminum sub-
stitution in the second coordination sphere causing
distortion of the tetrahedral sheet resulting in changes
in the b-axis parameter (Wilson, 1987). Silicon atoms
of phyllosilicates exhibit resonances between —91 and
—102 ppm, while each aluminum substitution causes
an additional chemical shift downfield of approxi-
mately 5-6 ppm (Lippmaa et al., 1980; Kirkpatrick et
al., 1985). Therefore, 2°Si spectra offer the possibility
to establish the extent of the tetrahedral substitution
Si/(Si + AIY) in clay structures.

Magic angle spinning at high field strength makes it
possible to observe the +'% < — transition of the
27Al quadrupolar nucleus, which has a spin of %. In
general, octahedral aluminum and tetrahedral alumi-
num show resonances in the ranges 0-30 ppm and 50~
90 ppm, respectively (Wilson, 1987). Due to quadru-
polar effects, the determination of the AI'V/AlIY! ratio
is less accurate than that of the Si/Al"Y ratio.

The aim of this study is to characterize the AI'Y/AIV!
and Si/Al' ratio in ammonium-saponites synthesized
by Kloprogge (1992) and Kloprogge et al. (1993) by
means of MAS-NMR. Comparison of the b-axis di-
mensions calculated from the 2°Si MAS-NMR data to
those determined by XRD will probably give evidence
about which substitution occurs in the octahedral sheet.
The AI'V/AIY! and Si/Al" ratios and the substitution
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[010] view of a trioctahedral 2:1 phyllosilicate

scheme determine the composition of the tetrahedral
and octahedral sheets, which, combined with the
chemical data including the CEC, offer the possibility
of establishing the structural formulae of the saponites
synthesized.

EXPERIMENTAL SECTION
Saponite synthesis

Saponite samples were synthesized using gels pre-
pared of amorphous silica, magnesium acetate, alu-
minum triisopropylate, and ammonium hydroxide.
These gels were hydrothermally treated for 72 h at
temperatures between 125°and 280°C and autogeneous
water pressure. After cooling, the solid products were
washed twice with demineralized water followed by an
ion-exchange with a 1 M NH,Cl solution at room tem-
perature to ensure that all exchangeable sites were oc-
cupied by ammonium. The resulting saponites were
characterized by means of XRD, XRF, TEM, ICP, and
TGA/DTA (Kloprogge, 1992; Kloprogge et al., 1993).
Some physical characteristics are given in Table 1. The
synthesis temperature was varied between 125°C and
280°C. The initial molar Si/Al ratio in the starting
mixture was constant at 5.67 and NH,* was to become
the interlayer cation. The small amount (<3% based
on XRD data) of corundum in all run products is an
artifact caused by the preparation method applied
(Kloprogge, 1992; Kloprogge et al., 1993).

Solid-state NMR

298i solid-state MAS-NMR spectra were recorded at
59.62 MHz on a Bruker CXP-300 spectrometer (mag-
netic field 7.05 T). 27Al solid-state MAS-NMR spectra
were obtained on a Bruker WM-500 spectrometer
(130.32 MHz, magnetic field 11.7 T). Both instruments
apply a sample spinning rate of approximately 14 kHz.
Approximately 4500 Free Induction Decays (FIDs)
were accumulated at a repetition time of 12 s (pulse
width 3.25 us) for the 2°Si spectra and 3000 FIDs were
accumulated at a repetition time of 0.8 s (pulse width
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Table 1. Products, Cation Exchange Capacities (CEC), and
basal spacings of the saponites examined in this study.

CEC? dy {sap}

Sample T (O Products! meg/mol  (A)

HTSAP2a 280 NH,-sap + cor 183 122
HTSAP2b 240 NH,-sap + cor 206 123
LTSAP2a 200 NH,-sap + cor + am 159 123
LTSAP2b 175 NH,-sap + cor + am 156 123
LTSAP2c 150 NH,-sap + cor + am 221 123

! sap = saponite; cor = corundum; am = amorphous ma-
terial.

2 CEC only based on NH, and mol weight of the theoretical
saponite composition (NH,), Mg;Al, ¢Si; ,0,,(OH),.

3.0 us) for the ?7Al spectra. Chemical shifts are given
in ppm relative to tetramethylsilane (TMS) and
[AI(H,O)¢)?+, respectively. Upfield shifts are taken to
be negative. Due to the fact that the spectra were re-
corded with a shielded aluminum-free probe, no cor-
rection was needed for background signals. Deconvo-
lution of the spectra was obtained by fitting the signals
to independent Gaussian lines using a least-squares
method. Errors, which mainly depend on the starting
conditions, baseline corrections, etc., are estimated to
be approximately 5%. These errors, although relevant,
are ignored in the calculation of the structural for-
mulae.

RESULTS AND DISCUSSION

The samples were identified by XRD mainly as sap-
onites, with a basal spacing between 12.0 and 12.3 A,
containing 1-3% corundum. At lower synthesis tem-
peratures, a gradually increasing amount of mainly Si-
containing amorphous impurity (Kloprogge, 1992;
Kloprogge et al., 1993) was observed.

The 2 Al NMR spectra show octahedral resonances
between 4.5 ppm and 9.0 ppm and tetrahedral reso-
nances between 55 ppm and 70 ppm (an example is
given in Figure 2A). Analogous to other clay minerals
(Woessner, 1989), the 65.5 ppm and 7 ppm resonances
are, therefore, assigned to tetrahedral and octahedral
aluminum in the synthetic saponite, respectively. Ex-
change experiments of ammonium-saponite with
AI(NO,); have shown that, although a small increase
in Al content and minor change in chemical shift is
observed, 2?Al NMR cannot quantitatively discrimi-
nate between aluminum on octahedral sites and on
interlayer sites due to overlap of the signals (compare
Figures 2A and 2B). Aluminum exchanged beidellite,
in comparison, exhibits a resonance of octahedral alu-
minum (about 3 ppm) together with a recognizable
shoulder due to interlayer aluminum (about —3 ppm)
(Diddams et al., 1984). The presence of aluminum at
interlayer sites is indicated by 1) low exchangeable am-
monium, 2) lack of exchangeable Mg?* (Kloprogge,
1992; Kloprogge et al., 1993), and 3) by the failure of
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Figure 2. 2’Al MAS-NMR spectra of A) NH,-saponite, B)

Al*+-exchanged saponite, and C) °Si MAS-NMR spectrum
of NH,-saponite.

the saponite to swell when suspended in water. The
58.3 ppm resonance is comparable to the tetrahedral
resonance at 57.3 ppm of the starting gel and is inter-
preted to be due to aluminum present in the amor-
phous phase. The sometimes observed additional res-
onance at 9.3 ppm (not shown) is assigned to corundum,
a-Al, O, (John et al., 1983), which has only octahedral
aluminum in its structure. Due to the fact that alu-
minum has a quadrupolar nucleus, the Al'V : AlV! ratio
is at low magnetic field less precise than the Si/AI'Y
ratio based on 2°Si NMR. Fortunately, the inaccuracy
due to spinning sidebands can be excluded in a high
magnetic field (11.7 T) and with a high sample spin
frequency (14 kHz). Therefore, the AI'V/AIY! ratio of
the run products and the percentages of total aluminum
present in the mentioned phases listed in Table 2 are
assumed to be rather accurate after all.

298 MAS-NMR spectra reveal three resonances of
silicon atoms coordinated with one or more next near-
est tetrahedral aluminum atoms in the tetrahedral sub-
layer of the saponite structure. The resonance with the
highest intensity is located at —93.1 = 0.4 ppm. In
addition, a shoulder at —88.5 = 0.4 ppm and a small
shoulder at —83.2 + 1.2 ppm can be clearly identified.
According to results on other synthetic trioctahedral
clays by Lipsicas et al. (1984), the —93.1 ppm signal
is attributed to Si(OAl), while the two shouldersat —88.5
ppm and —83.2 ppm are assigned to Si(1Al) and Si(2Al),
respectively (Figure 2C). An additional resonance can
be observed at — 102 ppm, which is due to amorphous
material,

Similar to zeolites, the fraction of tetrahedral Ai(1Al)
linkages and Si(2Al) linkages can be calculated (Lip-
sicas et al., 1984). If Loewenstein’s avoidance principle
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Table 2. Aluminum distribution as fractions of total alu-
minum in the NH,-saponite samples based on Al MAS-
NMR spectra and Si distribution as fractions of total Si and
28i MAS-NMR line intensities and tetrahedral site distri-
bution parameters of the saponites.

Saponite

Sample Al Al AIV:AIY' ‘Amorphous Corundum
HTSAP2a 0.64 0.17 38 0.00 0.19
HTSAP2b 0.61 0.20 3.1 0.00 0.18
LTSAP2a 0.60 0.21 29 0.00 0.19
LTSAP2b 0.49 0.14 3.5 0.22 0.15
LTSAP2c 0.32 0.21 1.5 0.36 0.10

Fraction Fraction

Sample Isioan Tsigan Isigay Al(1AD ) Si(2AD) Si/AMY
HTSAP2a 0.494 (0442 0.064 0.05 ©0.05 5.3
HTSAP2b 0.652 0.160 0.188 0.05 0.18 5.6
LTSAP2a 0.517 0.378 0.105 0.06 0.08 5.1
LTSAP2b 0.590 0.310 0.100 0.04 0.08 5.9
LTSAP2¢ 0.568 0.332 0.100 0.05 0.08 5.6

Line intensities obtained by fitting the spectra to three in-
dependent Gaussian lines using a least-squares method.

holds (Loewenstein, 1954), the fraction of tetrahedral
AI(1A}) linkages should be zero. The tetrahedral alu-
minum substitution can be calculated directly from the
29§ NMR spectra with the expression (Sanz and Ser-
ratosa, 1984)

3 3
(Si/ADY = 2 Lsiman 2 (0/3)sinan n
n=0 n=0

The values of the experimental 2°Si NMR line inten-
sities and site distribution parameters are given in Ta-
ble 2. An average SI/AI'Y ratio of 5.5 is observed for
all saponites. The very small fraction of Al(1Al) link-
ages indicates that the distribution of aluminum in the
tetrahedral sheet is close to statistical (Alma et al.,
1984).

The 2°Si chemical shifts are systematically related to
the total layer charge and the tetrahedral rotation with-
in the a-b plane. The distortion of the tetrahedral sheet
is induced by differences in lateral dimensions of the
tetrahedral and octahedral sheet. The b-axis dimension
of a tetrahedral sheet is systematically influenced by
Al substitution. The determination of these param-
eters provide information that cannot be obtained by
XRD. The correlation between the chemical shift 6 of
Si(0Al) and mean Si-O-(Si,Al) bond angle 8 can be
represented by

Osioan (OPpM) = —0.6196 — 18.7 ppm )
The average deviation « of the Si-O-Si bond angle ¢
from hexagonal symmetry (§ = 109.47°) enables one
to determine the b-axis parameter bz With Eq. (3)
(Weiss et al., 1987). An « of 0° represents undistorted
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Table 3. 2°Si MAS-NMR data and structural parameters, based on the Eqs. 2, 3, 4, and 5 of NH,-saponites examined in

this study.
bt broce
65|0A| RO
Sample ppm. F o o & A& & &y 127&)
HTSAP2a -92.6 119.39 9.92 9.267 9.219 9.128 9.081 9.188
HTSAP2b -92.8 119.71 10.24 9.261 9.217 9.113 9.070 9.174
LTSAP2a —93.7 121.16 11.69 9.270 9.220 9.078 9.029 9.184
LTSAP2b —93.0 120.03 10.56 9.254 9.208 9.097 9.052 9.175
LTSAP2c -93.4 120.68 11.21 9.261 9.212 9.084 9.036 9.175

! Based on Guggenheim (1984).
2 Based on Suquet ef al. (1981).

tetrahedral sheet and may increase to a theoretical
maximum of 30°

cosa = Drome 3)
ideal
with by, being defined by Guggenheim (1984) as
b(Si,_,AlL) = 9.15 — 0.74x 4)

An alternative way to determine by, is offered by the
relationship formulated by Suquet et al. (1981)

Digew = 9.174 + 0.079 AI'Y — 0.07 AIV" 4

with Al'Y measured by 2°Si NMR and AlIY! with 27Al
NMR. The above-mentioned relations provide an es-
timation of byygr, following either Guggenheim (1984)
(Eq. 4) or Suquet e al. (1981) (Eq. 5) from the 2°Si
NMR data. The latter values can be compared with
bxro from XRD data (Table 3). The by values based
on the #Si and Al NMR data obtained with both
procedures are considerably smaller than the b-values
observed by XRD. Eq. (5), derived by Suquet et al.
(1981), is based on the assumption of a one-to-one
Mg+ < AP+ substitution instead of the normally oc-
curring muscovite substitution 3Mg?+ - 2AP+ + 1
vacancy, which substitution is followed in Eq. (5). Re-
calculation of a based on by, and by, (Eq. 4) results
in a small correction of Eq. (2):

Osioan (Ppm) = —0.6194 — 20.6 = 0.4 ppm (6)

Table 4. Structural formula of the NH,-saponite, based on
the Si/Al"™ and Al'Y/AlV! ratios and CEC values and assuming
that all magnesium is incorporated in the saponite structure.

Sample Unit cell structural formula

HTSAP2a (NH.)o.15Aly, 15(Mg; 07 Alg 02 VaCo.01)
(Si3.37Al5,63)0,,(OH),

HTSAP2b (NH,)o5,Aly 13(Mg; 50Aly 06VaCo.03)
(515 40AL £0)O01o(OH),

LTSAP2a (NH.,)o.16AL.16(M83.54Al0.04vVaC0.02)
(S13.35Al0,65)010(OH),

LTSAP2b (NH., ) 16Aly 13(M85.05Alg 03VaCo.07)
(Si; 44Alg 56)010(OH),

LTSAP2c (NH, ) 22Aly 13(Mg, s9Aly 27vaC) 14)
{815.40Aly.60)O01:(OH),

whereas recalculation based on by, (Eq. 5) results in
a slightly larger correction of Eq. (2):

Osioap (PPM) = —0.6198 — 22.2 £ 0.5 ppm (7)

Wilson (1987) already indicated that depending on the
input data, slightly different relations can be found.
The observed values of a are comparable to those cal-
culated for other trioctahedral phyllosilicates with av-
erage values between 6° and 10°, but somewhat larger
than the values determined from structural refinements
(Weiss et al., 1987). The somewhat smaller correction
in Eq. (6) supports the use of the muscovite substitution
instead of the one Mg to one Al substitution suggested
by Suquet et al. (1981) in further calculations of the
structural formula. This has a considerable influence
on the charge of the saponite sheets and, therefore, on
the interlayer composition because, with the muscovite
substitution, the charge of the tetrahedral sheet is not
compensated by the octahedral sheet but only by the
interlayer cations.

The AI'V/AIY! and Si/Al'"Y ratios based on the 27Al
and ?°Si NMR spectra enables one to calculate the
structural formulae of the synthesized saponites, which
are in agreement with the chemical data given by Klo-
progge (1992) and Kloprogge e al. (1993). Based on
these data and the assumptions that the amount of N
determined by the ammonium exchange capacity and
all magnesium present in the run products are incor-
porated in the saponite structure (Table 4), it is possible
to calculate the structural formulae.

It is observed that with decreasing synthesis tem-
perature 1) increasing amounts of silicon, aluminum,
and nitrogen are found; 2) a positive correlation exists
between the contents of amorphous silica and nitrogen;
and 3) the amount of exchangeable ammonium de-
creases. It is suggested that, with decreasing synthesis
temperatures, an increasing amount of N is bound to
the silica in the amorphous phase, but not as ex-
changeable ammonium.

CONCLUSIONS

Hydrothermally synthesized saponites exhibit a
rather constant Si/Al'Y ratio of approximately 5.5 and
a Al"Y/AIY! ratio increasing from 1.5 to 3.8 with in-
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creasing synthesis temperature, although this trend is
not completely clear. In the 2’ Al MAS-NMR spectra,
four resonances can be observed at approximately 65.5
and 7-8 (Al'Y and Al saponite respectively), 9.3 (AIV!
corundum) and 58 (Al'Y amorphous material, com-
parable to the gel). No separate resonance of interlayer
Al apart from the octahedral AlY! signal can be ob-
served, although a small shift can be seen. Comparison
of the b-axis values from the XRD data and calcula-
tions based on the 2°Si MAS-NMR data support the
muscovite substitution (3Mg = 2Al + vacancy) scheme
in the octahedral sheet instead of the one-to-one sub-
stitution (1Mg = 1 Al) suggested by Suquet ef al. (1981).
Combination of the NMR data (AI'Y/AIY! and Si/AlI"Y
ratios), chemical data such as CEC, and the muscovite
substitution enables one to calculate the saponite struc-
tural formulae even though other species are present
in the solid product.
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