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ABST RACT: High-resolution gas adsorption techniques were used to analyse the evolution of the
aspect ratio and adsorption energy distribution on synthetic saponite samples with increasing layer
charge. Using Ar as a gaseous probe, the aspect ratio of the saponite particles can be determined
easily by decomposing the derivative adsorption isotherms and taking into account high-energy sites
which can be assigned to talc-like ditrigonal cavities. Changes in the shape of the elementary
particles are observed for layer charges above 1.30, i.e. when all the ditrigonal cavities contain at
least one Al atom substituting for Si. When N2 is used as a probe, high-energy sites that could be
wrongly interpreted as micropores on the basis of classical t-plot treatments are observed whatever
the layer charge. Using the information obtained from both Ar and N2, schemes for describing
adsorption can be proposed for all layer charges and suggest complex adsorption mechanisms for
charged clay minerals.
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Phyllosilicates play an important role in natural and
industrial processes because, due to their important
specific surface areas, they can exchange organic
and inorganic molecules at solid-liquid or solid-gas
interfaces. To understand the mechanisms involved,
the surface properties of phyllosilicates have to be
determined precisely. For surface exchange
purposes, phyllosilicates can be considered as
heterogeneous minerals as they present at least
two different types of surfaces, basal and broken-
edge faces, with different surface chemistry and
properties. This is very well illustrated in the case
of kaolinite, the reactive surfaces of which are
mainly located on the edge faces. This predomi-
nance of edge faces was evidenced in numerous
studies dealing with adsorption at solid-liquid
interfaces (Conley & Lloyd, 1971; Cases et al.,

1986; Kronberg et al., 1986; Braggs et al., 1994;
Brady et al., 1996; Ward & Brady, 1998). In the
case of illite, many studies have shown that cation
adsorption occurs on both basal and lateral surfaces
(Du et al., 1997; Kulik et al., 2000). Similar
conclusions have been reported by Sondi et al.
(1997) for chlorite.

Therefore, particle shape is a very important
feature of clay minerals which depends on the
physicochemical conditions of crystallization,
growth, transport and deposition. This has been
well established for kaolinites (Cases et al., 1986;
Giese 1988; Psyrillos et al., 1999) where a close
relationship exists between crystallinity, size and
shape (Cases et al., 1986). Well-crystallized
kaolinites generally present clearly defined hexa-
gonal shapes.

Several techniques have been proposed for
determining the aspect ratio of platy clay minerals.
Assuming that the coherent scattering length is
equal to the clay particle thickness, an average
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thickness can be derived from X-ray diffraction
(XRD) analysis by exploiting the shape of basal
reflections (́Srodoń & Elsass, 1994; SÏ ucha et al.,
1996; Sánchez-Soto et al., 1997). More sophisti-
cated treatments take into account different
particle-size distributions using, for instance, the
MudMaster software developed by Eberl and
colleagues (Eberl et al., 1996; Sánchez-Soto et
al., 1997). Methods based on particle-size distribu-
tion measurements can also be used to derive
particle thickness and length (Liétard et al., 1980;
Cases et al., 1986; Mühlenweg & Dan Hirleman,
1998; Ma & Eggleton, 1999). These methods are
generally rapid but the data should be considered
with caution because of possible artefacts in the
determination of particle-size distributions (Cases
et al., 1986).

Scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), and atomic force
microscopy (AFM) image analysis have also been
used to study the shape and size of various clay
minerals (Thompson et al., 1981; Cases et al.,
1986; SÏ ucha et al., 1996; Kuwahara et al., 1998;
Zbik & Smart, 1998, 1999). When performed
carefully, these techniques allow near-reality
visualization of clay particles. The TEM and
AFM analyses are particularly suitable for studying
growth steps on basal faces (Thompson et al., 1981;
Nagy & Blum, 1994; Kuwahara et al., 1998; Zhang
& Bailey, 1998; Zbik & Smart, 1998). However,
the determination of mean values requires careful
sample preparation and the analysis of a large
number of images (Cases et al., 1986; Zbik &
Smart, 1999).

A different approach to shape determination is to
use molecular probe adsorption techniques, at either
solid-liquid (Conley & Lloyd, 1971; Cases et al.,
1986; Poirier & Cases, 1991) or solid-gas interfaces
(Cases et al., 1986; Michot et al., 1993, 1994;
Villiéras et al., 1992, 1997a,b; Bardot, 1998; Bardot
et al., 1998, 2000). These methods are based on the
fact that the chemical nature of edge and basal
faces is different, which changes their interaction
with adsorbing molecules. At the gas-solid inter-
face, using Ar as a molecular probe, reliable values
of aspect ratios could be obtained for uncharged
clay minerals such as talc and kaolin (Cases et al.,
1986; Michot et al., 1993, 1994; Villiéras et al.,
1992, 1997a,b). The situation is a little more
complex for charged clay minerals (e.g. illite) as
the nature of the compensating surface cation
influences the shape of the adsorption isotherms

(Bardot 1998; Bardot et al., 1998, 2000). Except in
the case of talc, N2 cannot be used for shape
determination as, due to its inducible quadrupolar
momentum, it shares specific interactions with sites
on both basal and lateral faces, which prevents
unequivocal assignments of isotherm features.

The aim of the present paper is to study Ar and
N2 adsorption on a series of synthetic Na-saponite
samples. The nature of the compensating cation
being fixed, the influence of layer charge can be
analysed in detail, talc representing the non-charged
end-member of such series.

E X P E R I M E N T A L

Synthesis

Synthetic saponites were prepared at the Centre
de Recherches sur la Synthèse et la Chimie des
Minéraux (Orléans, France) by hydrothermal
synthesis at 4008C under 1 kbar water pressure,
with run durations of 4 weeks, in Morey-type
externally heated pressure vessels. The samples
were insulated from the vessel wall by a silver
coating. The starting products were gels of
appropriate compositions, prepared by coprecipita-
tion of Na, Mg, Al and Si hydroxides at pH = 14,
according to the gelling method of Hamilton &
Henderson (1968). The source of Na was Na2CO3;
the sources of Al and Mg were titrated solutions of
their nitrates; and the source of Si was (C2H5O)4Si
(TEOS). Prior to hydrothermal synthesis, the
starting product was dried and calcined, and then
crushed for further homogenization. After hydro-
thermal synthesis, the sample was quenched and
examined by XRD and 29Si and 27Al nuclear
magnetic resonance (NMR) to confirm the single
phase character (Lambert et al. , 1994). The
resulting structural formula is: Nax(Si8 x,Alx)
(Mg6)O20(OH)4, with 0.7 4 x 4 2.0. The
samples will be referred to as SNa-x, where x is
the negative layer charge, per unit cell.

M E T H O D S

CEC measurements

The cationic exchange capacities (CEC) of the
samples were determined by exchanging the cations
with the hexa-aminecobalt (II) ion [Co(NH3)6]3+

(Rémy & Orsini, 1976). Clay samples of 500 mg
were dispersed in 30 ml of a 0.05 M cobaltihex-
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amine solution. The suspension was stirred for 2 h
and centrifuged twice. The equilibrium concentra-
tion of the supernatant in cobaltihexamine was
determined colorimetrically (Co absorption band at
473 nm) on a UV-visible spectrometer (Shimadzu
UV 2100) that yields the CEC.

X-ray diffraction

The XRD patterns were obtained on powdered
samples by using a Jobin-Yvon diffractometer
working using Cu-Ka1 radiation. The d001 spacings
were measured at the 001 line maximum.

Ar and N2 adsorption

Classical N2 adsorption-desorption isotherms
were obtained at 77 K on a lab-built automatic
volumetric adsorption apparatus. The experimental
conditions were a sample mass of ~1 g, outgassing
under a residual pressure of 0.01 Pa at 1508C.
Surface areas were determined using the BET
treatment. The presence of micropores in the
samples was assessed using the t-plot method (De
Boer et al., 1966).

High-resolution low-pressure isotherms of Ar
and N2 were recorded on a lab-built automatic
quasi-equilibrium volumetric set-up (Michot et al.,
1990; Villiéras et al., 1992). In this method, a
slow, constant and continuous flow of adsorbate
was introduced into the adsorption cell. From the
recording of quasi-equilibrium pressures vs. time,
the adsorption isotherms were derived. The
experimental conditions were a sample mass of
~1 g, outgassing at 0.001 Pa at a temperature of
1508C. The data were then treated using the
improved Derivative Isotherm Summation (DIS)
procedure designed by Villiéras et al. (1992,
1997a) to examine the surface energetic hetero-
geneity of the samples. Due to the large number of
experimental data points acquired by the quasi-
equilibrium procedure, the experimental derivative
of the adsorbed quantity as a function of the
logarithm of relative pressure can be calculated
accurately. The total derivative adsorption
isotherm on a heterogeneous surface is simulated
by the sum of local theoretical derivative
adsorption isotherms on heterogeneous surfaces
with random heterogeneity.

The adsorption isotherm on a heterogeneous
surface formed with different energetic domains
can be written as:

yt

i

Xiyit

i

Xi

O

yi e wi e de 1

Where yt is the total adsorption isotherm, yit, the
adsorption isotherms on the different energetic
domains of the surface, Xi is its contribution to yt,
e is the adsorption energy, O is the physical domain
of e, yi(e) a ‘local’ theoretical adsorption isotherm
and wi(e) the dispersion of e on the ith domain. The
theoretical isotherms used (Villiéras et al., 1997a)
are obtained by first approximating the energy
distribution by the condensation approximation
(CA). For describing adsorption into micropores, a
generalization of the Dubinin-Asthakov isotherm
was proposed:

yit P P0 e
kT
Ei

ln
p0
i
P

ri

2

where Ei is the variance of wi(e) and ri a parameter
governing the shape of the distribution function. For
ri = 2, equation 2 becomes the Dubinin-
Radushkevich isotherm. Equation 2 can be extended
to take into account the effect of lateral interactions
o by replacing

kT
E

ln
P0

P

by

D
kT
E

ln
P0

P
oy
E

The derivative of equation 2 with regard to the
logarithm of the pressure is:

yt

ln P T

r kT
E D r 1y

1 ro
E D r 1y

3

It is a Gaussian-like function widened on the
low-energy side for ri<3 and widened on the high-
energy side for ri>3.

The expression of the second derivative is
relatively complicated and is obtained through a
numerical procedure. In the DIS method, the
identification of the different parameters is obtained
from the coordinates of the maximum and from the
width of the derivative. The mathematical relations
between Ei, ri and Pi

0 can be derived easily from the
expression of the first and second derivatives of
equation 2 when the second derivative equals zero.
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Then, for given values of r and P0, the amount
adsorbed on the domain i, Xi, can be obtained from
the comparison between the height of the experi-
mental and calculated maxima at P*:

Xi
dVads d ln P P0

dyi d ln P P0
4

In practice, ri and Pi
0 are fixed and, from the

position of a maximum P*, the adsorption capacity
Xi and Ei are calculated. ri and Pi

0 are adjusted until
the simulated curve matches the experimental one.

A multilayer extension of equation 2 has also
been proposed (Villiéras et al., 1997a). From this
model, it is possible to extract the contribution of
the first adsorbed layer. The multilayer adsorption
isotherm gives us:

yit(Pa) = (1 + Pa)yi1(Pa) (5)

where yi1 corresponds to the adsorption of the first
layer and is calculated using equation 3 with Pa

defined as follows:

Pa
P P0

1 k P P0
6

where k` is generally chosen equal to 1. The first
derivative leads to:
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In this case, the experimental parameter corre-
sponding to the different domains is obtained in the
same way as from equation 3. In some cases,
especially for low-energy adsorption domains, the
maxima are not observed. If an inflection point can

be determined, the parameters are calculated from
the inflection point properties in the same way as
for a maximum. Finally, if no inflection point
appears, i.e. if ri is close to 1, all the parameters
must be adjusted. This is accomplished by choosing
a point on the derivative curve; parameters are
adjusted step by step in order to calculate the
derivative going through this point and properly
matching the experimental curve.

R E S U L T S

Figure 1 displays the experimental CEC values as a
function of theoretical layer charge (Thomas et al.,
1999). The dotted line represents the values
expected on the basis of the theoretical layer
charge. There is a near perfect match between
experimental and theoretical values for layer
charges 41.60. For higher charges, the experi-
mental CECs are slightly lower than what would be
expected from structural data. In fact, 27Al MAS
NMR measurements (Pelletier et al., submitted)
showed that the samples with charges of 1.8 and 2.0
contained small amounts of octahedral Al and
should then be considered as vermiculites rather
than as true saponites. This trend is also noticeable
in the evolution of the d001 values measured by
XRD (Fig. 2). The highest-charge samples exhibit a
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FIG. 1. Evolution of the CEC of synthetic saponites
with increasing layer charge.

42 L. J. Michot and F. Villiéras
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lower d-spacing, ~11.9 AÊ , which is typical of
Na-vermiculites (De la Calle & Suquet, 1988).
For this reason, our analysis of the gas adsorption
properties will only deal with samples with x values
from 0.70 to 1.60.

Figure 3 displays the N2 adsorption-desorption
isotherms obtained on the different samples,
whereas Table 1 shows the relevant parameters

deduced from the BET and t-plot treatments. All
the synthetic saponite samples appear microporous
with microporous volumes accounting for ~25% of
the BET monolayer capacity. The origin and
assessment of this microporosity will be discussed
in detail in the following sections of this paper. The
total surface area of the samples varies between 32
and 70 m2 g 1. The samples with the highest
charges (1.40 to 1.60) present surface areas that
are significantly lower. The variations in surface
areas are not directly correlated to variations in the
stacking order along the c direction as the half-
width measured for both the 001 and 004
reflections do not vary strongly with the layer
charge.

Figure 4 shows the derivative Ar adsorption
isotherms of the ten saponite samples together with
their decomposition obtained from the DIS proce-
dure whereas Table 2 presents the parameters
corresponding to the various domains obtained
from the decomposition. The evolution of the
derivative adsorption isotherms with increasing
layer charges reveals the following trends: (1) A
major peak (domain 3 in Table 2) is located at
ln(P/P0) values of approximately 4.9 kT. The
position of this peak on the x axis is nearly
constant with charge. On the other hand its width
decreases regularly with increasing layer charge.
This is illustrated by the r values used in the
decomposition procedure which increase with layer
charge. (2) A peak (domain 2 in Table 2) located at

11. 6

11. 8

12

12.2

12.4

12.6

0.6 0.8 1 1. 2 1.4 1. 6 1.8 2

d 00
1 (

¯
)

Layer charge per unit cell

FIG. 2. Evolution of the position of the d001 reflection
of synthetic saponites with increasing layer charge.

TABLE 1. Parameters deduced from the use of the BET and t-plot treatment on the adsorption of N2 at 77 K on
synthetic saponites with increasing layer charge. Outgassing conditions: 1508C, 0.01 Pa.

Layer charge Vm
1 CBET SBET Stor

2 Vmic
3 Sext

4

per unit cell (cm3 g 1) (m2 g 1) (m2 g 1) (cm3 g 1) (m2 g 1)

0.7 13.83 400 60.4 64.8 3.5 49.5
0.8 10.53 519 46.0 50.2 3.2 35.2
0.9 10.17 583 44.4 48.3 2.7 35.6
1.0 15.04 411 65.7 70.7 3.4 54.3
1.1 12.29 414 53.7 58.2 2.6 45.8
1.2 13.82 485 60.4 65.0 3.5 48.5
1.3 10.04 226 43.9 46.1 2.3 35.6
1.4 6.89 344 30.1 32.1 1.7 24.2
1.5 7.73 409 33.8 35.7 1.7 28.4
1.6 8.16 399 35.6 37.1 2.0 28.4

1 Monolayer capacity derived from the BET treatment
2 Surface area derived from the slope of the straight line passing through the origin of the t-plot.
3 Liquid microporous volume derived from the ordinate at the origin of the second straight line of the t-plot.
4 Surface area derived from the slope of the second straight line of the t-plot
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FIG. 3. Adsorption-desorption isotherms of N2 at 77 K on synthetic saponites with increasing layer charge.
Outgassing conditions: 1508C, 0.01 Pa.
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FIG. 4. Derivative Ar adsorption isotherms obtained at 77 K on synthetic saponites with increasing layer charge
together with their decomposition using the Derivative Isotherm Summation (DIS) method. Outgassing

conditions: 1508C, 0.001 Pa.
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ln(P/P0) values at approximately 7.0 kT is present
in all samples, its definition decreasing with
increasing layer charge. (3) A high-energy domain
(domain 1 in Table 2) is present for layer charges
41.20 at ln(P/P0) values of approximately

10.5 kT. It then disappears for higher layer
charges. (4) A low-energy domain (domain 4 in
Table 2) roughly constant in width and position
(ln(P/P0) & 3.0 kT) is present for all the samples.

Figure 5 shows the derivative N2 adsorption
isotherms of the ten saponite samples together with
their decomposition obtained from the DIS procedure
whereas Table 3 presents the parameters corre-
sponding to the various domains obtained from the
decomposition. The shapes of the N2 derivative
adsorption isotherms are very different from those
observed when Ar is used as an adsorbate. Such
behaviour has been observed for numerous mineral
systems such as calcite, apatite (Villiéras et al.,
1999), illite (Bardot et al., 1998, 2000) and Al-
intercalated saponites (Michot et al., 1998).

Except for the sample with a layer charge of
0.80, these curves exhibit common features. (1) A
broad high-energy peak centred on ln(P/P0) values
of 13 kT is present for all samples. It is modelled
using either two or three peaks in the decomposi-
tion procedure (domains 1 to 3 in Table 3). (2) A
broad medium-energy peak is located at ln(P/P0)
values of approximately 9 kT (domain 4 in
Table 3). (3) A peak located at ln(P/P0) values of
approximately 6 kT (domain 5 in Table 3), the

position of which evolves towards higher energy
(i.e. lower ln(P/P0)) with increasing layer charge.
(4) A low-energy domain (domain 6 in Table 3)
roughly constant in width and position (ln(P/P0) &

2.0 kT) is present for all the samples.

D I S C U S S I O N

As shown in Fig. 6, except for the sample with a
layer charge of 0.80, the Ar surface area
corresponding to the last three domains matches
exactly the non-microporous specific surface area
obtained by the t-plot procedure applied to N2 step-
by-step adsorption experiments. This observation
suggests three conclusions which are discussed
below. (1) For layer charges 51.30, Ar atoms
probe only the geometrical surface area of the
samples. (2) For layer charges 41.20, Ar atoms are
sensitive to structural high-energy sites. The amount
adsorbed on these sites is lower than the total
‘micropore’ volume observed using N2 as the
adsorbate. (3) The ‘micropores’ observed in
classical N2 adsorption-desorption procedures are
probably not true geometrical micropores but rather
high-energy sites with a structural origin.

Geometrical properties of saponite particles

Based on the surface chemistry of saponite and
previous results obtained from kaolinite, talc and
illites, it seems logical, when Ar is used as an

TABLE 2. Main parameters obtained from the application of the DIS method to Ar adsorption at 77 K on saponites
with increasing layer charge. Outgassing conditions: 1508C, 0.001 Pa.

Layer 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60
charge per unit cell

ln(P/P0) 10.30 10.59 10.96 10.94 10.68 11.60 . . . .

Domain 1 Vm 2.30 1.34 1.09 1.36 1.03 0.67 . . . .

r 3.50 4.00 4.20 3.75 4.05 4.50 . . . .

ln(P/P0) 7.70 7.92 7.87 7.78 7.81 7.95 6.53 6.97 6.40 7.85
Domain 2 Vm 1.96 1.94 1.78 2.23 1.74 1.85 0.75 0.77 0.73 0.98

r 4.10 4.30 4.10 3.80 3.80 3.50 2.20 2.50 2.30 2.60

ln(P/P0) 4.91 4.88 4.88 4.93 4.96 4.99 4.92 4.98 4.97 5.07
Domain 3 Vm 5.47 3.22 4.15 6.68 5.41 6.50 3.63 3.59 2.80 4.00

r 2.70 2.60 2.75 2.90 3.00 3.00 3.00 3.20 3.25 3.40

ln(P/P0) 3.01 3.23 3.10 2.90 3.14 3.06 3.08 3.00 3.09 3.39
Domain 4 Vm 5.92 1.90 3.49 5.39 4.60 4.63 3.80 2.78 3.08 3.18

r 1.90 1.90 1.90 1.90 1.90 1.90 1.90 1.90 1.90 1.90

Units of Vm: cm3 g 1
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FIG. 5. Derivative N2 adsorption isotherms obtained at 77 K on synthetic saponites with increasing layer charge
together with their decomposition using the Derivative Isotherm Summation (DIS) method. Outgassing

conditions: 1508C, 0.001 Pa.
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adsorbate, to assign domain 2 to the adsorption of
Ar atoms on the edge faces of saponite and domains
3 and 4 to the adsorption on basal faces, which
allows us to define a lamellarity index IL as:

IL
Surface area of basal faces

Total geometrical surface area

Apart from the sample with a layer charge of
0.80 where the quantity of lateral faces is
abnormally high, IL is ~85% for samples with
layer charges 41.20 and ~88% for samples with
layer charges 51.30 (Table 4). To illustrate the
changes occurring in particle shape, the particles
were modelled as perfect monodisperse regular
hexagons. In this case, surface areas of basal and
lateral faces can be used simply to derive the
thickness and length of the particles (Table 4).
Figure 7 shows the evolution of both parameters as
a function of layer charge. The thickness remains
roughly constant while the length is multiplied by
more than two when the layer charge reaches 1.30.
For this layer charge, each ditrigonal ring formed
by the arrangement of tetrahedra contains at least
one Al atom which shows the influence of Al
density on crystal growth.

TABLE 3. Main parameters obtained from the application of the DIS method to N2 adsorption at 77 K on saponites
with increasing layer charge. Outgassing conditions: 1508C, 0.001 Pa.

Layer 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60
charge per unit cell

ln(P/P0) 15.04 14.52 14.61 . 14.46 14.52 14.31 14.19 13.80 13.60
Domain 1 Vm 1.21 0.63 1.24 . 1.63 0.49 0.68 0.77 0.83 2.13

r 2.70 5.00 2.80 . 3.00 3.50 2.50 3.00 1.80 3.50
ln(P/P0) 14.10 . . 13.63 13.65 13.56 12.57 12.57 .

Domain 2 Vm 0.27 . . 4.40 0.16 0.27 1.34 . 0.50 .

r 5.00 . . 3.10 4.50 4.00 3.90 . 3.90 .

ln(P/P0) 13.20 12.75 12.42 . 12.54 12.45 11.64 11.93 11.55 11.70

Domain 3 Vm 2.51 1.94 1.35 . 1.96 4.27 0.15 1.66 1.24 1.26
r 5.5 4.00 3.60 . 3.80 2.60 5.00 3.00 4.00 6.00

ln(P/P0) 8.73 9.30 8.77 8.65 9.57 8.31 9.36 8.65 8.82 9.45

Domain 4 Vm 4.21 2.44 3.03 3.99 2.40 2.43 1.55 1.02 0.76 0.79
r 3.10 3.60 3.00 2.90 2.90 3.00 2.50 3.30 3.80 4.00

ln(P/P0) 5.96 6.03 5.97 6.04 6.27 6.18 6.30 6.36 6.48 6.99
Domain 5 Vm 4.20 1.87 3.62 5.37 5.01 4.71 3.87 2.94 2.55 2.96

r 3.00 2.90 2.90 2.90 2.80 2.90 2.80 2.90 2.85 2.90
ln(P/P0) 2.07 3.75 2.46 2.24 2.40 2.10 2.28 1.74 2.28 2.16

Domain 6 Vm 4.42 2.12 2.44 3.84 2.44 3.35 1.61 1.62 1.73 2.38
r 1.90 1.90 1.90 1.90 1.90 1.90 1.90 1.90 1.80 1.80

Units of Vm: cm3 g 1
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FIG. 6. Comparison between the geometrical surface
areas obtained for synthetic saponites with increasing
layer charge from the N2 t-plot (empty circles) and
from the DIS procedure applied to derivative Ar

adsorption isotherms (filled squares).
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Brought to you by | The University of Manchester Library
Authenticated

Download Date | 3/7/18 3:14 PM



T
A

B
L

E
4.

G
eo

m
et

ri
ca

l
an

d
st

ru
ct

ur
al

pa
ra

m
et

er
s

de
du

ce
d

fr
om

th
e

ap
pl

ic
at

io
n

of
th

e
D

IS
m

et
ho

d
to

A
r

ad
so

rp
ti

on
at

77
K

on
sa

po
ni

te
s

w
it

h
in

cr
ea

si
ng

la
ye

r
ch

ar
ge

.

L
ay

er
ch

ar
ge

pe
r

un
it

ce
ll

0.
70

0.
80

0.
90

1.
00

1.
10

1.
20

1.
30

1.
40

1.
50

1.
60

B
as

al
su

rf
ac

e
ar

ea
42

.3
19

.0
28

.3
44

.8
37

.1
41

.3
27

.6
23

.6
21

.8
26

.6
(m

2
g

1
)

E
dg

e
su

rf
ac

e
ar

ea
7.

27
7.

20
6.

60
8.

27
6.

46
6.

86
2.

78
2.

86
2.

71
3.

64
(m

2
g

1
)

L
am

el
la

ri
ty

in
de

x
85

.3
72

.5
81

.9
84

.4
85

.2
85

.7
89

.2
89

.0
88

.0
86

.8
(%

)

L
en

gt
h

(n
m

)
23

5.
3

23
7.

6
25

9.
2

20
6.

9
26

4.
8

24
9.

4
61

5.
4

59
8.

2
63

1.
3

47
0.

0

T
hi

ck
ne

ss
(n

m
)

17
.5

39
.0

26
.2

16
.5

20
.0

17
.9

26
.8

31
.4

34
.0

27
.8

V
ad

s
on

hi
gh

-e
ne

rg
y

2.
30

1.
34

1.
09

1.
36

1.
03

0.
67

0
0

0
0

si
te

s
(c

m
3

g
1
)

A
r

m
ol

ec
ul

es
on

6.
26

10
1
9

3.
66

10
19

2.
96

10
19

3.
76

10
19

2.
76

10
19

1.
86

10
1
9

0
0

0
0

hi
gh

-e
ne

rg
y

si
te

s

N
um

be
r

of
di

tr
ig

on
al

1.
76

10
2
0

7.
86

10
19

1.
26

10
20

1.
86

10
20

1.
56

10
20

1.
76

10
2
0

1.
16

10
20

9.
76

10
19

8.
96

10
19

1.
16

10
20

ca
vi

ti
es

N
um

be
r

of
ta

lc
-l

ik
e

8.
26

10
1
9

3.
16

10
19

3.
86

10
19

4.
66

10
19

2.
76

10
19

1.
76

10
1
9

2.
86

10
18

0
0

0
di

tr
ig

on
al

ca
vi

ti
es

Surface energetic heterogeneity of synthetic Na-saponites 49

Brought to you by | The University of Manchester Library
Authenticated

Download Date | 3/7/18 3:14 PM



As observed in numerous studies, N2 derivative
adsorption isotherms display more complex shapes
and exhibit more high-energy sites than the
corresponding Ar isotherms. In contrast to what
was observed with Ar, no domain can be clearly
assigned to adsorption on the edges. The two
lower-energy domains observed can be assigned to
the adsorption of nitrogen molecules on the basal
planes of saponite. However, the surface area
corresponding to these two domains represents
between 80 and 90% of the basal surface area
measured by Ar adsorption. Such a difference
could be assigned to an incorrect choice of the
cross-sectional area of Ar atoms but as discussed
in the following sections, other explanations
linked to specific adsorption sites for N2 seem
more likely.

Ar high-energy sites

Argon derivative adsorption isotherms exhibit
high-energy sites only for layer charges 41.20.
Such sites had already been observed for talc
(Michot et al., 1994) which is the uncharged end-
member of the saponite series. In that case, high-
energy sites could be assigned unambiguously to
OH groups located at the bottom of the uncharged

ditrigonal cavities. As mentioned in the previous
section, for a layer charge of 1.30, all ditrigonal
rings contain one Al atom. The disappearance of
high-energy sites then corresponds exactly to the
disappearance of ‘talc-like’ ditrigonal rings on the
basal faces of saponite. Using structural data and
decomposition results from the DIS procedure, the
number of talc-like ditrigonal cavities can be
obtained for each sample and compared with the
number of Ar atoms adsorbed in high-energy sites
(Table 4 and Fig. 8). The size of a ditrigonal cavity
was taken as a constant value of 24.5 AÊ 2

independent of the layer charge, as results obtained
by Suquet (1978) show that the b crystallographical
parameter is nearly constant for dehydrated
synthetic saponites. It appears that both values
match very well, thus confirming the assignment of
the high-energy sites to the ‘talc-like’ ditrigonal
cavities of the basal faces of saponites. Such strong
interaction between OH groups and Ar atoms was
observed previously in the case of Al-intercalated
saponites where the acidic OH groups of the
intercalated Al polycations were the primary
adsorption sites for both Ar and N2 (Michot et
al., 1998).

N2 high energy sites.

In the case of N2, high-energy sites (domains 1 to
4 in Table 3) are observed whatever the layer
charge, and the number of those high-energy sites is
always greater than that observed with Ar (even
after taking into account the edge faces that are not
clearly marked in the case of N2). Therefore,
additional adsorption sites different from ‘talc-
like’ ditrigonal cavities must be considered. The
corresponding amount adsorbed will be referred to
as VHES1 (volume adsorbed on high-energy sites of
type 1).

Furthermore, as mentioned previously, the
surface area derived from domains 5 and 6 is less
than the basal surface area derived from Ar
adsorption. In view of the near perfect match
observed in Fig. 8, it seems that the Ar values must
be valid. This suggests that in the case of N2, some
of the adsorption sites, referred to as VHES2, on the
basal faces are located in the higher-energy domain
where they are not clearly distinguishable. At
present, using gas adsorption results only, the
exact assignment of domains 1 to 4 cannot be
achieved and site assignments can only be global
and based on Ar adsorption results.
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FIG. 7. Evolution with layer charge of the length and
thickness of synthetic saponite particles estimated

assuming a regular hexagonal shape.
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The total amount of high-energy sites for
nitrogen VHES can be estimated by using the
formula:

VHES = Vtot – V5 – V6 – (SedgeAr)/4.37 (10)

which can be split into two parts:

VHES1 = Vtot – (SedgeAr+SbasAr)/4.37 (11)
VHES2 = VHES – VHES1 (12)

where V5 and V6 are the volumes adsorbed on
domains 5 and 6 of the DIS decomposition
(Table 3), Vtot is the total N2 adsorbed volume
and SedgeAr and SbasAr are the surface areas of the
edge and basal surfaces determined by Ar
adsorption.

As shown in Fig. 9, except for the sample with a
layer charge of 0.8, VHES1 is very close to the
number of ditrigonal rings with no Na+ cations.
Indeed, after outgassing under vacuum at 1508C, Na
is located in the octahedral cavity directly above the
OH group as revealed by IR and Raman
experiments (Pelletier et al., submitted). Nitrogen
then seems to exhibit a strong affinity for empty
cages of the basal planes and N2 molecules
adsorbed in those sites do not modify the amount
of basal surface sites available.

Figure 10 compares VHES2 with the number of
Na+ cations on the basal faces calculated from the
layer charge and the extension of the basal surface
area. The two sets of data follow the same pattern
but the values are different, the discrepancy
increasing with increasing layer charge. Those
high-energy sites are therefore probably related to
the cations of the basal planes but there is not a 1:1
relationship between N2 molecules and Na+ cations.
One possible explanation for this behaviour could
be found in the arrangement of Na+ cations on the
basal faces between isolated cations (Nai) and
cation doublets, i.e. in two adjacent cages (Nad).
As the statistical determination of the various
configurations is not straightforward, we simulated
the arrangement of Na+ ions on the basal surfaces
(consisting of 1133 ditrigonal rings) by first placing
the Al for Si substitution. The program used an
exclusion rule, i.e. for layer charges 41.33, no
ditrigonal ring contains two Al atoms. The Na+ ions
were then placed randomly in one of the three
ditrigonal cages adjacent to the substitution. The
simulation was run 100 times for each layer charge
and the average number of Na doublets was then
determined. Figure 11 compares VHES2 with Nai,
Nad as well as Nai + Nad. It appears that the best
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FIG. 8. Comparison between the number of talc-like ditrigonal cavities (filled squares) and the number of Ar
molecules adsorbed on high-energy sites (empty circles) per g of synthetic saponite.
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match is oberved when considering Nai + Nad

which suggests that, in the case of a doublet, one
N2 molecule interacts with both Na+ ions.

As a summary, three types of high-energy sites
for N2 are present on the basal faces of saponites:
empty ditrigonal cavities, isolated Na, and Na
doublets.

Adsorption mechanisms

Taking into account all the information obtained
for Ar and N2, it is possible to propose a schematic
sequence for the adsorption of both molecules on
the basal planes of saponites (Figs 12 14).

As already demonstrated, for layer charges <1.30,
Ar atoms adsorb first on the OH groups of the talc-
like ditrigonal cavities (Fig. 12b). The next basal Ar
adsorption sites correspond to the main adsorption
peak located around 5 kT on the derivative
isotherm (Table 2). Recent high-resolution gas
adsorption measurements on illite samples
exchanged with different cations revealed that the
position of the main Ar adsorption peak depends
linearly on the electronegativity of the exchange-
able cation (Bardot, 1998). With increasing layer
charge, the main adsorption peak for saponite is

located at a constant energy but with a lesser
dispersion of adsorption energies as revealed by its
sharpening as a function of layer charge (Table 2).
As values of the Lennard-Jones potential (Gerschel,
1995) reveal that Ar is more attracted by the O
atoms of the siloxane surface than by the
compensating cations, the effect of the cation
must be indirect. The most favourable adsorption
sites may then be the O triads located in the vicinity
of a compensating cation (Fig. 12c). For small layer
charges, the basal planes are formed of such sites as
well as of O triads located further away from Na+

cations. This provokes a widening of the energy
distribution noticeable by a rather broad peak on the
derivative adsorption isotherm. After the filling of
these adsorption sites, monolayer completion would
then be driven mainly by lateral interactions
between adsorbing and adsorbed Ar atoms.

For layer charges 51.30, the talc-like cavities do
not exist anymore, which explains the disappear-
ance of high-energy sites. Assuming the same
structuring effects of the cations, it appears
(Fig. 13b) that nearly all adsorption sites will be
situated in the vicinity of a cation which accounts
for the smaller degree of energy dispersion
observed for Ar adsorption on the basal planes.
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FIG. 11. Comparison between the number of isolated cations (filled squares), the number of cation doublets
(empty squares), the sum of isolated cations and doublets (filled circles) and the number of N2 molecules
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As in the previous case, monolayer formation is
thereafter mainly driven by lateral interactions
between Ar atoms.

In the case of N2, the primary adsorption sites are
likely to be the empty ditrigonal rings (Fig. 14b).
The resolution of the decomposition does not allow
us to distinguish between the talc-like and other
empty ditrigonal cavities. Subsequent N2 molecules
adsorb on the edge faces and close to the cations,

Aluminum

Na+ cation

Ar atom

FIG. 12. Schematic representation of the different steps
which occur upon adsorption of Ar molecules onto the
basal planes of synthetic saponite with a layer charge

of 0.90 per unit cell.

Aluminum

Na+ cation

Ar atom

FIG. 13. Schematic representation of the different steps
which occur upon adsorption of Ar molecules onto the
basal planes of synthetic saponite with a layer charge

of 1.50 per unit cell..
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with no possible distinction between those two
types of sites. Adsorption finally proceeds on the
remaining space of the basal faces, probably close
to the exchangeable cations in the first instance, as
this occurs with a shift towards higher energy. Final
monolayer completion would then be driven mainly
by lateral interactions between adsorbing and
adsorbed N2 molecules as already suggested in the
case of Ar adsorption.

S U M M A R Y A N D C O N C L U S I O N S

High-resolution gas adsorption appears to be a viable
tool for studying the surface organization of clay
minerals. Using series of well characterized samples,
where one structural parameter (layer charge in the
present case) varies in a systematic way, complex
adsorption features can be understood.

In the case of clay minerals, classical N2

adsorption methods used for the determination of
specific surface areas and micropore volumes
(Rutherford et al., 1997; Altin et al., 1999; Lee et
al., 1999) do not yield true geometric data because
of the presence of high-energy sites that are
generally wrongly assigned to micropores.

Argon adsorption is much more suitable than N2

adsorption for unravelling the geometrical features
of clay particles. Indeed, for all the Na-saponite
samples studied, whatever the charge, the aspect
ratio of the particles can be obtained from the
decomposition of the derivative adsorption
isotherms after taking into account the presence,
for low-charge samples, of high-energy sites
corresponding to the talc-like ditrigonal cavities of
the basal surfaces. Argon atoms do not exhibit any
specific interactions with the compensating Na+

cations but the presence of these ions on the basal
surfaces seems to influence the organization of the
adsorbed monolayer. Structural experiments such as
neutron diffraction near monolayer completion
should then be carried out for a better characteriza-
tion of the adsorbed layers.

When N2 is used as an adsorbate, the distinction
between edge and basal faces is much less clear,
which precludes the use of this adsorbate in the
definition of the aspect ratio of clay platelets.
Nitrogen molecules interact strongly with all the

FIG. 14. Schematic representation of the different steps
which occur upon adsorption of N2 molecules onto the
basal planes of synthetic saponite with a layer charge

of 1.40 per unit cell..
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cation-free ditrigonal cavities on the basal faces of
Na-saponite. In contrast with Ar, N2 molecules
appear to be sensitive to surface Na+ cations, whose
arrangement on the surface would then control the
organization of adsorbed N2 molecules. It would be
very useful to combine this gas adsorption approach
with spectroscopic measurements such as neutron
diffraction or low-temperature Raman spectroscopy
experiments.
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SÏ ucha V., Środoń J., Elsass F. & McHardy W.J. (1996)
Particle shape versus coherent scattering domain of
illite/smectite: evidence from HRTEM of Dolna Ves
Clays. Clays and Clay Minerals, 44, 665 671.

Suquet H. (1978) Propriétés de gonflement et structure
de la saponite. Comparaison avec la vermiculite.
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Villiéras F., Michot L.J., Cases J. M., Berend I., Bardot
F., François M., Gérard G. & Yvon J. (1997b) Static
and dynamic studies of the energetic surface
heterogeneity of clay minerals. Pp. 573 623 in:
Equilibria and Dynamics of Gas Adsorption on
Heterogeneous Solid Surfaces (W. Rudzinski, W.A.
Steele & G. Zgrablich, editors). Studies in Surface
Science and Catalysis, 104. Elsevier Science B.V.,
Amsterdam, The Netherlands.
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