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This paper aims at comparing the effect of charge location on the hydration properties of two trioctahedral
synthetic minerals: saponite and hectorite. The samples were characterised by a layer charge of 0.4 charge
per half unit cell and were saturated with Na+ or Ca2+. The hydration behaviour was studied by determining
the structural characteristics which were obtained by modelling XRD patterns.
XRD patterns were recorded under controlled relative humidity (RH). The hydrated states of Ca-hectorite
were more homogeneous than those of saponite whereas the transition from 1W to 2W occurred at lower RH
rates for saponite than for hectorite. For heterogeneous samples, the 1W and 2W layers were stacked
randomly fashion for hectorite. Na-saponite-0.4 and Ca-saponite-0.4 were made up of types of layer; one
water layer (1W) and two-water layers (2W). The stacking of these layers showed some segregation.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The expansion characteristics of natural smectites have been
examined in detail under various relative humidities (RH) (MacEvan
and Wilson, 1984; Moore and Hower, 1986; Iwasaki and Watanabe,
1988; Watanabe and Sato, 1988; Sato et al., 1992). The basal spacing is
a function of water layers and increases gradually with increasing RH.

The nature of the interlayer cation, layer charge and its location
have been recognized as important factors controlling the swelling
properties of smectites.

Changes of layer charge and charge location can affect smectite
hydration. Crystalline swelling of 2:1 clay minerals is controlled by the
balance between repulsive forces between adjacent 2:1 layers and
attractive forces between hydrated interlayer cations and the
negatively charged surface of their 2:1 layers (Norrish, 1954; Van
Olphen, 1965; Kittrick, 1969a,b; Laird, 1996, 1999). Thus, crystalline
swelling is characterised by the amount of layer charge and its
location (octahedral vs. tetrahedral).

Several studies investigated dioctahedral smectite hydration
properties using XRD technique. Sato et al. (1992), Yamada et al.
(1994), Tamura et al. (2000) and among others have determined these
ous).
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properties following the water basal spacing under variable RH,
Ferrage et al. (2005a,b, 2007), modelling XRD patterns. They have
studied the influence of layer charge and charge location on the
hydration properties of montmorillonite and beidellite. The increase
of layer charge shifted the transition from 2W (two-water layers) to
1W (one water layer) and from 1W (one water layer) to 0W
(dehydrated layer) hydration state towards lower RHs. Beidellite
samples displayed the coexistence of larger amounts of the different
layer types including non-expandable layers and layers which
remained monohydrated at high relative humidities. Laird (2006)
has studied the influence of layer charge on smectite swelling; an
increase in layer charge decreased crystalline swelling (smaller basal
spacings) and increased the size and stability of smectite particles.
Layer charge has little or no direct effect on double-layer swelling.

This paper reports a characterisation of the hydration properties of
two trioctahedral synthetic smectites: a hectorite and saponite with
layer charge of 0.4 charges per a half unit cell. These synthetic
minerals were chosen because of their remarkable hydration
behaviour. The vast majority of the interlayer spaces contains a
monolayer of water at RH=43% and a bilayer at RH=85%, as shown
by neutron and X-ray diffraction measurements (Malikova et al.,
2007).

2. Material and methods

Synthetic hectorite and saponite were prepared by hydrothermal
synthesis in Morey-type externally heated pressure vessels, internally
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Table 1
Atomic positions and number of the different cations in the case of the synthetic
hectorite.

Atoms Number Zn (Å)

O1 2 0.000
O2 1 0.201
O3 2 2.253
O4 2 4.311
O5 1 6.295
O6 2 6.593
OH1 1 1.980
OH2 1 4.280
Si 2 0.588
Si 2 6.042
Mg 2.6 3.315
Li 0.4 3.315

Table 2
Atomic positions and number of the different cations in the case of the synthetic
saponite.

Atoms Number Zn (Å)

O1 2 0.000
O2 1 0.201
O3 2 2.253
O4 2 4.311
O5 1 6.295
O6 2 6.593
OH1 1 1.980
OH2 1 4.280
Si 1.8 0.588
Si 1.8 6.042
Mg 3 3.315
Al 0.2 0.588
Al 0.2 6.042
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coated with a gold tubing, at 400 °C, 1 kbar P(H2O), for a run duration
of 4 weeks. These synthesis were performed from gels of appropriate
compositions prepared according to the conventional gelling method
Fig. 1. Experimental patterns of Hect-Na recorded at differe
(Hamilton and Henderson., 1968), using high grade Na2CO3, Li2CO3,
Mg(NO3)2, Al(NO3)3 and tetraethylorthosilicate (C2H5O)4Si as starting
reagents. Full details about synthesis and characterisations are
described elsewhere (Bergaoui et al., 1995); the starting synthetic
material had a structural formula: [Na0.4][Mg2.6Li0.4][Si4]O10(OH)2,
xH2O for hectorite and [Na0.4][Mg3][Si3.6 Al0.4]O10(OH)2, xH2O for
saponite (x is the number of water molecules per half unit cell).
Homoionic Ca2+ Hectorite and saponites samples were prepared by
conventional ion exchange using aqueous solutions of 0.1 M of CaCl2
(this exchange has been made at least three times). The excess of
chloride washed with distilled water until AgNO3 test was negative.
The solids were deposited on a glass slide to obtain an oriented
aggregate. The samples are referred Hect-Na, Hect-Ca, Sap-Na and
Sap-Ca.

XRD patterns were recorded using a Brüker D8-advance using
Cu-Kα radiation. Data were recorded in the range of 5–35° 2θ with
step of 0.02°2θ and a counting time of 80 sec/step under controlled
relative humidity (RH).

Experimental XRD patterns were recorded at relative humidity
(RH) conditions between 10% and approximately 90%. For each
sample, XRD patterns were recorded following the same sequence of
RHs, starting first from 35% (room) to 90% and then reducing RH down
to 20% and 10%.

Within this range of RH, it is possible to distinguish between the
specific hydration behaviour and structural characteristics of each
type of layers and then understand the effect of the location and value
of the layer charge on these properties. Experimental XRD patterns
were compared to calculated patterns to determine the position of the
interlayer cations, the number and the position of thewater molecules
and the stacking thickness.

The structural characteristics along the normal to the layer plan (z)
were determined by comparing the experimental X-ray patterns with
theoretical ones calculated from structural models (Drits and
Tchoubar, 1990; Ben Rhaïem et al., 2000). The method allowed
determination of the number and the position of the intercalated
cations and water molecules, the layer and stacking thicknesses, the
stacking mode along the normal to the layer plane.
nt RH: (a) 20%, (b) 40%, (c) 60%, (d) 80% and (e) 90%.



Fig. 2. Experimental patterns of Hect-Ca recorded at different RH: (a) 10%, (b) 30%, (c) 40%, (d) 60%, (e) 80% and (f) 90%.

Fig. 3. Experimental patterns of Sap-Na recorded at different RH: (a) 10%, (b) 20%, (c) 40%, (d) 60%, (e) 80% and (f) 90%.

Fig. 4. Experimental patterns of Sap-Ca recorded at different RH: (a) 10%, (b) 20%, (c) 40%, (d) 60%, (e) 80% and (f) 90%.
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Table 4
Basal reflection (position, width) as a function of relative humidity of the Hect-Ca and
Sap-Ca.

Hect-Ca Sap-Ca

HR d001 (Å) FWHM (°) HR d001 (Å) FWHM (°)

10% 12.92 0.533 10% 13.12 1.107
30% 14.46–13.66 1.293 20% 15.12 0.769
40% 15.29 0.534 40% 15. 0.555
60% 15.73 0.308 60% 15.97 0.449
80% 15.92 0.310 80% 16.27 1.085
90% 16.02 0.313 90% 16.32 1.100

Table 5
Structural parameters of Hect-Na and Sap-Na.

Samples Hect-Na Sap-Na

RH(%) 20–40 40–60 60–90 20–40 40–60 60–90
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The atomic coordinates used in the simulation were calculated
from Tsipursky and Drits model (1984). In Tables 1 and 2 are given the
z coordinates for hectorite and saponite, the origin was taken at the
basal oxygen atoms (Karmous et al., 2007). The diffracted intensity for
a unit cell along the 00 rod of the reciprocal space is given by the
matrix formalism (Drits and Tchoubar, 1990; Ben Rhaïem et al., 1998):

I00 2θð Þ = LpSpur Re /½ � W½ � I½ � + 2
XM−1

n
M − nð Þ=M½ � Q½ �n

( ) !

with Lp = ψ 1 + cos22θ
sin2θ (Reynolds, 1986; Ben Haj Amara et al., 1998),

where Ψ is the orientation factor of the particles, Re is the real part of
the final matrix; Spur, the sum of the diagonal terms of the real
matrix; M, the number of layers per stack; n, an integer varying
between 1 and M−1; [Ф], the structure factor matrix; [I], the unit
matrix; [W], the diagonal matrix of the proportions of the different
kinds of layers and [Q] the matrix representing the interference
phenomena between adjacent layers. For a system made up of two
types of layers (A and B) and a nearest neighbour interaction, [Q] takes
the form:

detQ = j PAAexp −2πisdAð Þ PABexp −2πisdAð Þ
PBAexp −2πisdBð Þ PBBexp −2πisdBð Þ j

where s is the modulus of the scattering vector; s = 2sinθ
λ , dA and dB

are the d-spacing of layer A and layer B, respectively, and PAB is the
conditional probability of passing from a layer A to layer B. The
relationship between the different kinds of layer proportions and
probabilities are given by (Reynolds, 1980; Drits and Tchoubar, 1990;
Pons et al., 1995; Ben Rhaïem et al., 1998):

WA + WB = 1; PAA + PAB = 1; PBA + PBB = 1; WAPAB = WBPAB:

During the simulation of the XRD patterns, some corrections must
be taken into account (Reynolds, 1986; Ben Haj Amara et al., 1998),
such as the Lorentz-Polarisation factor and the preferred orientation.

3. Results

3.1. Qualitative description of the experimental patterns

The hydration state of smectites has been described using three layer
types of different layer thickness and corresponding to the most
common hydration states reported for smectites in nonsaturated
conditions: dehydrated layers (0W, layer thickness ~9.6–10.1 ), mono-
hydrated layers (1W, layer thickness ~12.3–12.7 ), and bi-hydrated
layers (2W, layer thickness ~15.1–15.8 ) (Ferrage et al., 2005a,b).

The experimental XRD patterns of, Hect-Na, Hect-Ca, Sap-Na and
Sap-Ca recorded at relative humidity between 10 and 90% are shown
in Figs. 1–4. The d001 and FWHM values were deduced from the
position and the full width at half maximum intensity of 001 reflection
(Table 3).
Table 3
Basal reflection (position, width) as a function of relative humidity of the Hect-Na and
Sap-Na.

Hect-Na Sap-Na

HR d001(Å) FWHM (°) HR d001(Å) FWHM (°)

20% 12.23 0.326 20% 12.23 0.635
40% 12.26 0.293 40% 12.94–14.01 0.923
60% 14.12–12.61 1.318 60% 14.68 0.599
80% 14.93 0.243 80% 14.89 0.536
90% 15.00 0.234 90% 14.99 0.568
Hect-Na complex was characterised by symmetrical 001 reflections
and a d001 spacing of 12.23 to 12.26 Å for RH rates≤40% (Fig.1a, b). This
corresponded to homogeneous hydrationwith onewater layer (1W). At
60% RH, the 001 reflection presented two peaks at 12.61 and 14.12 Å
indicating transition from1W to 2W state (Fig.1c).When increasing RH,
the position of the 001 reflection shifted 14.93 Å and 15 Å corresponded
to the 2W hydration state (Fig. 1d, e). Sap-Na exhibited 001 reflections
compared asymmetrical to Hect-Na indicating a more heterogeneous
hydration. The transition from 1W to 2W occurred at lower RH rates
(40%) (Fig. 3a, b).

Hectorite exchanged with Ca was characterised by a 1W state for
RH≤10% (Fig. 2a). At RH 30%, the 001 reflection presented two
maxima at 13.66 and 14.46 Å (Fig. 2b; Table 4) indicating transition
from 1W to 2W, whereas for Sap-Ca this transition has already started
at 15% RH (Fig. 4a). For RH≥40% the d001 values corresponded to 2W
for all samples (Fig. 4b, c).

The FWHM of the 001 reflection of saponite was higher than for
hectorite indicating lower crystal thickness and more mixed layer
character of saponite. This disorder was also observable by the
irrational 00l reflection positions.

3.2. Quantitative analysis

Modelling of XRD patterns allowed us to determine some struc-
tural parameters such as abundance, probabilities of each hydration
state, number of layers, number and position of water molecules along
the z axis. These parameters (Hect-Na and Sap-Na) at different RH are
0W d001 10.0 Å – – 10.0 Å – –

W 0.1 – – 0.1 – –

nH2O – – – – – –

ZH2O – – – – – –

1W d001 12.5 Å 12.5 Å 12.5 Å 12.33 Å 12.33 Å 12.33 Å
W 0.9 0.4 0.05 0.9 0.3 0.2
nH2O 1.6 1.6 1.6 1.6 1.6 1.6
ZH2O 9.4 Å 9.4 Å 9.4 Å 9.8 Å 9.4 Å 9.4 Å

2W d001 15.2 Å 15.2 Å 15.2 Å – 15.2 Å 15.2 Å
W 0 0.6 0.95 – 0.7 0.8
nH2O – 3.2 3.2 – 3.2 3.2
ZH2O – 15–9 Å 15–9 Å – 15.2–9 Å 15.2–9 Å

Number of
layers

12 5 10 8 7 7

Succession
law

Random Random Random Random Segregated Segregated



Fig. 5. Best agreement between theoretical (—) and experimental (- - -) patterns of Hect-Na at RH=20%, 60% and 80%; (⁎) represents the difference between theoretical and
experimental patterns.
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summarised in Table 5. The best agreement between theoretical and
experimental XRD patterns is reported in Figs. 5 and 6.

These layers were mainly 1W layers in random distribution with
small amounts of 0W layer. At RH between 40 and 60% the stacking
thickness decreased from 12 to 5 layers on average. A transition
between 1W to 2W states took place giving rise to a random mixed-
layering of these two hydration states. For higher RH, most layers were
2W layers. The stacking thickness increased from 5 to 10 layers on
average. The decrease of the mean number of layers per stacking for
intermediate RH rates (40–60%) can be attributed to the disorder
involved by the interstratification which decreases of the coherent
scattering domains. (ii) For Sap-Na, the transition from 1W to 2W
states occurred at lower RH and persist at RH≥20%. We notice the
presence of 1W state even at 60–90% RH. The mean number of layers
per stacking was almost unchanged during the hydration process.
The stacking of the two types of layers (1W and 2W) showed some
segregation at RHN40%, whereas the different types of layers of
hectorite were randomly distributed. This can be attributed to the
charge location (octahedral or tetrahedral) is entirely octahedral
leading to a homogeneous distribution of the tetrahedral sheets.

The structural parameters obtained for the Ca-complexes are given
in Table 6 and the best agreement between experimental and calcu-
lated XRD patterns is shown in Figs. 7 and 8. Hect-Ca at RH≤30% was
constituted of 1W layers in majority with small amounts of 2W layers.
Within 40–60% RH, the stackings were almost homogeneous and
made up of 2W layers. When increasing RH over 60% we notice the
beginning transition from 2W to 3W hydration states. The mean
number of layers per stackingwas almost constant and equal to 7. Sap-
Ca samples were characterised by mixed-layering between 1W and
2W layers at all RH. The amount of 2W layers increased to the expense
of 1W layers.

The structure of Sap-Na and Sap-Ca complexes was similar at all
RH. Only the distribution of water layer differs. Segregation was
observed for RH≥40%. This result indicates the hydration process to
be governed by the charge location.

We note that the same results were obtained for dioctahedral
smectites, i.e. montmorillonite and beidellite. Ferrage et al. (2007)
had demonstrated that beidellite (tetrahedral substitution) pre-
sented more heterogeneous hydration state than montmorillonite
(octahedral substitution).

4. Conclusion

Hectorite and saponite presented similar hydration behaviour
under controlled relative humidity, characterised by a transition be-
tween 1W to 2W layers. Hectorite revealed a high level of homo-
geneity. The transition to 2W layers of saponite was observed at lower
RH due to the charge location effect.



Fig. 6. Best agreement between theoretical (—) and experimental (- - -) patterns of Sap-Na at RH=20%, 60% and 80%; (⁎) represents the difference between theoretical and
experimental patterns.

48 M.S. Karmous et al. / Applied Clay Science 46 (2009) 43–50
We can conclude that the tetrahedral substitution led to higher
hydration heterogeneity. The influence of charge location (tetrahedral
vs. octahedral) on the hydration state distributionwas pronounced for
Table 6
Structural parameters of Hect-Ca and Sap-Ca.

Samples Hect-Ca-0.4

RH(%) 20–40 40–60 60–9

0W d001 – – –

W – – –

nH2O – – –

ZH2O – – –

1W d001 12.6 Å 12.6 Å –

W 0.9 0.4 –

nH2O 2.4 2.4 –

ZH2O 9.4 Å 9.4 Å –

2W d001 15.6 Å 15.6 Å 15.6
W 0.1 0.6 0.85
nH2O 3.2 3.2 3.2
ZH2O 15.5–9.6 15.5–9.6 15.5–

3W d001 – – 18.6
W – – 0.15
nH2O – – 4
ZH2O – – 18–1

Number of layers 7 5 7
Succession law Random Random Rand
hectorite and saponite and of minor influence, for dioctahedral
smectites montmorillonite and beidellite display the same hydration
behaviour as a function of layer charge.
Sap-Ca-0.4

0 20–40 40–60 60–90

– – –

– – –

– – –

– – –

12.6 Å 12.6 Å 12.6 Å
0.7 0.2 0.1
2.4 2.4 2.4
9.4 Å 9.4 Å 9.4 Å

Å 15.6 Å 15.6 Å 15.6 Å
0.2 0.7 0.8
3.2 3.2 3.2

9.6 15.2–9.6 15.5–9.6 15.5–9.6
Å 18.6 Å 18.6 Å 18.6 Å

0.1 0.1 0.1
4 4 4

5–12 Å 18–15–12 Å 18–15–12 Å 18–15–12 Å
6 6 8

om Random Segregated Segregated



Fig. 7. Best agreement between theoretical (—) and experimental (- - -) patterns of Hect-Ca at RH=10%, 40% and 90%; (⁎) represents the difference between theoretical and
experimental patterns.

Fig. 8. Best agreement between theoretical (—) and experimental (- - -) patterns of Sap-Ca at RH=10% and 60%; (⁎) represents the difference between theoretical and experimental
patterns.
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