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Abstract

The intercalation of montmorillonite by aluminium requires the use of aluminium chloride as a
precursor for the intercalation solution. The best samples were obtained with an Al /OH ratio = 2,
a pH of 5.6 and an Al/clay ratio =5 mmol/g. High surface area materials were obtained with
good thermal stability after calcination at 773 K. A study of the acidity of surface groups showed
that the Al,; polycation is transformed into a specific form of Al oxyhydroxide with amphoteric
properties. The data, when treated in the ‘1 site, 2 pK’ model, may be interpreted by the existence
of surface species of type {AIOH(OH,)}, having two constants of deprotonation K,, = 10~> and
K,=032- 107%. An alternate treatment in terms of the ‘multisite, 1 pK’ model recently
developed by Jagiello et al. is also discussed. © 1997 Elsevier Science B.V.
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1. Introduction

Clays can be intercalated by metal polycations through ion exchange reac-
tions, yielding materials with high microporosity and surface area. For example,
Al intercalation of a clay consists in the insertion between the layers of ‘Al,;’
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polycations (QOcelli and Tindwa, 1983; Tichit et al.,, 1988), i.e.,
[Al,;0,(OH),,. (H,0),,, .1 % (Johansson, 1960); the results of this opera-
tion (amount of Al intercalated, surface area, porosity) strongly depend on such
factors as the presence of other aluminic cations, the pH of the intercalating
solution, and the Al/clay ratio (Tichit, 1986).

High temperature calcination of intercalated clays results in ‘pillared’ materi-
als, where the aluminic species are irreversibly fixed to the layers(Tichit et al.,
1988; Ocelli and Tindwa, 1983). It is often stated that interlayer polycations are
transformed by calcination into ‘oxide’ pillars, e.g. ‘aluminum oxide’; but this is
an oversimplification since the global structure and surface groups of Al pillars
are certainly different from those of Al,O, (Chevalier et al., 1994b; Lambert et
al., 1994; Bergaoui et al., 1995a).

Pillared clays, first tested as cracking catalysts for heavy oil fractions in view
of their acidic properties (see papers in Burch, 1988), have recently been
redirected to other applications in fine chemistry or as adsorbents for both
organic and inorganic compounds (Braddell et al., 1987, Harsh and Doner,
1984; Harsh et al., 1984; Kikuchi and Matsuda, 1988; Kukkadapu and Kevan,
1988; Michot and Pinnavia, 1991; Bergaoui et al., 1995b,c). Indeed, based on
the good specific properties of aluminum and iron oxides for the adsorption of
heavy metal ions such as Cd** or Cu®*, it could be expected that well-dispersed
Al- or Fe-containing pillars in the clay interlayer space would also be able to
trap these polluting metal ions.

The present study of clay intercalation /pillaring was therefore undertaken in
the hope to obtain matrices for heavy metals fixation. We present here results on
the optimisation of Al polycation pillaring of two montmorillonites in terms of
structural organisation and surface area. We have also tested the thermal
stability of the pillared clays up to 1073 K, to evaluate their stability under
regeneration treatments including calcination steps; finally, we have charac-
terised the surface hydroxyl groups borne by the pillars in the presence of an
aqueous phase, which constitute specific metal ions adsorption sites. Data on
heavy metals adsorption will be published in a forthcoming paper.

2. Experimental
2.1. Starting clays

We used as starting materials two different clays of the montmorillonite type.
The first one, referenced as KC2, is a commercial sample provided by CECA
(France); the second one, referenced as G, is a Greek montmorillonite provided
by Expansia (France). The chemical composition, interlayer spacing at room
temperature and humidity, and surface area are summarised in Table 1.
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Table 1

Chemical compositions of the two starting clays and of some clays intercalated at pH = 5.6
Oxide G G-5-Cls¢*  G-10Cl;c*  KC2 KC2-5-Cl;¢*  KC2-7-Cly ¢ *
Sio, 6174 61.74 61.74 62.04 62.04 62.04

ALO; 2013 3971 41.3 1935  35.02 30.20

Fe, 0, 7.39 6.58 7.01 10.73

CaO 1.98 0.09 0.27

MgO 3.86 4.98 1.66

Na,O 0.24 0.11 0.99

K,O 3.58 1.66 3.83

G: [Sifs56Alp4s)(Al 46Feq 6sMgg74Ti0.08)020(0H),  Cagy6Nag 2K ,s.nH,0. CEC = 80
meq/100 g (Tichit et al., 1988).
* Total > 100% because amounts are teferenced to constant SiO, (see text).

2.2. Preparation of the intercalating solutions

Three different salts were used to prepare the Al polycation solutions:
AICl, - 6H,0, AI(NO,), - 9H,0, and Al,(SO,), - xH,0, all from Aldrich. To a
0.2 M solution of the aluminum salt, 0.2 M NaOH was added dropwise up to an
OH /Al ratio of 2.0 (Tichit, 1986). The resulting solutions were left to stand at
room temperature for 24 h until traces of colloidal material which formed in
small amounts had completely redissolved. The pH at this stage was close to
4.2. In some procedures, a basic titration followed, in which 0.1 M NH ,OH was
added to the above solution until a pH of 5.6 was reached. For the Al1,(SO,), -
xH,O starting salt, the solution was then very flocculous.

2.3. Intercalation

Clays G and KC2 were intercalated along similar procedures. 5 g of the clay
to be intercalated are dispersed into 1000 ml distilled water under strong
magnetic stirring for 2 h. The desired amount of Al-containing intercalating
solution is then added dropwise (duration: 1.5 to 2 h) to the stirred clay
suspension at 353 K; stirring at 353 K is maintained for 2 h after completion of
Al addition. The mixture is filtered, washed several times by redispersion in
distilled water at 353 K, and dried in a shallow bed at 333 K.

Six samples were prepared from clay KC2, using the three Al precursors,
final pHs of 4.2 or 5.6, and Al/clay ratios of 5 mmol/g. Two samples were
prepared from clay G using AICl; - 6H,0 as a precursor, a final pH of 5.6 and
variable Al/clay ratios: 5 or 10 mmol /g.

Accordingly, the intercalated samples will be referenced by codes such as
KC2-5-Cl, ,, meaning that starting clay KC2 was intercalated from the solution
prepared with the AICl; - 6H,O precursor, at a final pH = 4.2, and using an
Al/clay ratio of 5 mmol/g.
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2.4. Pillaring

Part of the sample is placed as a shallow bed in a tubular reactor and calcined
under flowing dry air with a linear temperature ramp (2 K /min), followed by a
5 h plateau at the final calcination temperature.

The resulting materials are called pillared samples.

2.5. Characterisation: XRD and surface measurements, elemental analysis.

Powder X-ray diffractograms were recorded on a Philips PW 1130,/00 /60
diffractometer (working at 40 kV, 20 mA) using Ni-filtered Cu K« radiation
and a Siemens goniometer. In situ XRD studies were carried out under flowing
dry air (50 ml- min~'), in a CGR type heating chamber (Barret—Gérard system)
mounted on a CGR Theta 60 goniometer. Diffractograms were recorded at
different temperatures after a 5 K- min~' temperature increase.

N, adsorption—desorption isotherms were measured at 77 K, in an ASAP
2000 (Micromeritics) sorptometer. Surface areas were evaluated according to the
BET model. Porous volumes were estimated according to the t-plot method.

Previous to physisorption, raw and intercalated clay samples were degassed at
423 K under vacuum for at least 6 h; pillared samples were degassed at 573 K
under vacuum.

Chemical analyses were carried out by atomic absorption spectrometry on a
Perkin—Elmer 3100 apparatus, after sample dissolution through acid attack.

2.6. Acid-base titration

The operating procedure was derived from that used previously to determine
the acidic properties of alumina (Huang and Stumm, 1973, Hohl and Stumm,
1976, Contescu et al., 1993).

16 g/1 suspensions of starting clay G or pillared G-5-Cls¢ in 2 1072 M
NaNO, (constant ion strength =2 - 1072 M) were prepared and left at room
temperature under stirring for 18 h. The pH was then adjusted to about 9.0 with
a few drops of 0.1 M NaOH; after equilibration, the suspension was titrated with
0.1 M HCI down to a pH of 3.08, using a TT-2 (Tacussel) automatic titrator
equipped with a combined electrode, with a stability criterion of 0.01 pH units
min~" and a maximum temporisation of 5 min. The pH window {9.0 — 3.0} was
chosen because previous experience had indicated that dissolution reactions
could be considered as negligible in this range, at least on the experimental time
scale; therefore, proton/hydroxide consumption may be assigned to surface
charge formation. The surface charge, Q (in mole of charge per g), of the solid
in suspension was calculated as a function of pH by use of the following
equation:

0= 5" Cg +[OH] — [HT]

a
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where C, is the concentration in strong acid added at a given point of the
titration, Cy is the concentration in strong base (NaOH) added before titration,
[OH™] and [H*] are the concentrations in free hydroxide and hydronium as
deduced from pH readings (taking into account the ion-strength dependency of
activity coefficients), and a is the concentration of the solid phase in the
suspension (in g/1). Q may be transformed to the physically more meaningful
expression of the surface charge in C/m?, o, by

o=Q-F-S7,

where F is the Faraday and S is the surface area in m?/g.

In the discussion, square brackets [] will denote concentrations in mol /1,
while curly brackets will denote concentrations in mole per gram of solid phase
according to the convention proposed by Stumm (1992).

3. Results and discussion

Both starting clays, G and KC2, have elemental compositions (Table 1) and
X-ray diffractograms typical of montmorillonites. The main compensating cation
is potassium, in agreement with the observed d,, distances of 12.60 A. Both
clays have rather high Fe contents (7 to 10%, expressed as Fe,0,). No peaks
indicative of iron oxides are present in the diffractogram. The iron may be
located in the clay layers as Fe®”, or amorphous iron oxides may be present.

After intercalation, both dg,, distances and surface areas increase as expected
(Table 2) — they respectively lie between 14 and 19 A, and between 50 and
250 m?/g. The original compensating cations are eliminated and replaced by
Al-containing material. In order to evidence Al intercalation, analytical data for
intercalated clays given in Table 1 are normalised to constant amounts of Si0O,,
ie., it is assumed that no Si*' dissolution from the tetrahedral sheets has

Table 2

Effect of intercalation procedure on the properties of the intercalated clays
Sample dOOl (A) SBET (mZ/g) Vmicropm‘ous (Cm3/g)
KC2 12.70 30 0.001
KC2-5-Cl,, 15.78 162 0.052
KC2-5-S,, 14.73 47 0.000
KC2-5-Cls ¢ 19.72 204 0.060
KC2-5-S5¢ 17.48 116 0.000
KC2-5-Ns ¢ 16.42 64 0.027
KC2-7-S5 ¢ 16.50 103 —

G 12.62 67 —
G-5-Cls ¢ 19.64 350 —

G-10-Cls ¢ 16.36 — —
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Fig. 1. Evolution of the X-ray diffractogram (XRD) of sample KC2-5-Cls, on successive
washings: (a) unwashed; (b) 1 washing, etc.

occurred and that therefore, SiO, contents can provide a valid internal reference.
The validity of this convention may be checked by the approximate constancy of
Fe contents. The amounts of Al intercalated can then be immediately estimated
from the difference in Al,O, contents between the intercalated and the initial
samples.

The highest lattice distances and surface areas were obtained when using
intercalating solutions at pH = 5.6, for nitrate and sulfate precursors alike (Table
2). The lattice distance of 19.72 A observed for sample KC2-5-Cl;, would
correspond to a radius of 10 A for the intercalated polymer, after subtracting the
lattice thickness (9.6 A). Such bulky polymers diffuse slowly into the interlayer
space, as evidenced by the evolution of d,, lattice distance and line intensity
throughout successive washings (Fig. 1): successive resuspensions of the clay
material cause a diffusion of the intercalating species into the interlayer, at least
until the third washing.

The influence of the starting Al salt used is well evidenced on comparison of
the textural properties of intercalated samples obtained from KC2 (Table 2).
Lattice distances and surface areas decrease in the order (chloride) > (nitrate) >
(sulfate). Average interlayer spacings seem to decrease from 10 to 7 A. The
most likely explanation is that incomplete intercalation occurs with the Al
sulfate and nitrate precursors, with the appearance of interstratification between
intercalated and collapsed interlayers. In the presence of sulfate ions, Al,; is
known to slowly precipitate as the bisulfate salt (Akitt et al., 1969). Therefore,
with Al sulfate precursors, precipitation of aluminic materials outside the
interlayers probably occurs to some extent.



I Mrad et al. / Applied Clay Science 12 (1997) 349-364 355

It has been shown that Al species present in the chloride and nitrate solutions
at pH = 4.2 mostly consist in Al,; polycations, together with weaker concentra-
tions of monomers and dimers; a pH increase causes the aggregation of these
structural units to form a colloidal gel which later transforms into the bayerite
form of AI(OH), (Bottero et al., 1982). In fact, when intercalation solutions
containing the Cl~ and NO; counterions are used, a pH increase up to 5.6
causes no noticeable precipitation of Al hydroxide, but results in intercalation by
species with an effective radius of 10 A It is quite conceivable that Al
oligomers larger than Al,,, which aggregate quickly in pure Al solutions, are
stabilized by intercalation into the interlayer space.

Finally, the amount of Al intercalated does not increase when the Al/clay
ratio is increased above 5 mmol /g (Table 1).

Thus, for practical purposes, the optimal conditions for intercalation are the
following: intercalating solution prepared from AICl; precursor, final pH 5.6,
Al /clay ratio=15 - 10~* mol/g; at least three washings after intercalation.

3.1. Influence of thermal treatments.

We have compared the thermal stabilities of the two samples intercalated in
optimal conditions: G-5-Cl;¢ and KC2-5-Cl; 4, which showed the highest dy,
and surface area values (Tables 3 and 4). X-ray diffractograms were recorded in
situ between RT and 1073 K (Figs. 2 and 3); in both cases, the 001 line is
displaced to lower 26 values between RT and 523 K, corresponding to a
shrinking of the interlayer space by 1 A, as generally reported for aluminum and
zirconium intercalated clays (Figueras, 1988; Burch, 1988). This shrinking,
which occurs prior to pillar-layer bonding (Bergaoui et al., 1995a), is not well
understood but could be due to the loss of strongly held hydration water from
the pillar. The intensity of the 001 line decreases starting from 873 K for
KC2-5-Cl ¢, in contradistinction with G-5-Clss where the decrease already
starts at 773 K. In the same way, at 1073 K, the 001 line is still observable for

Table 3
Evolution of the surface area (m®/g) of the two optimally intercalated clays as a function of
calcination temperature

Calcination temperature (K) KC2-5-Cls ¢ G-5-Cls
523 198 —
623 195 350
773 204 340
923 177 —
973 — 250

1073 — 140
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Table 4
Evolution of basal spacing and microporous volume of intercalated KC2 as a function of
calcination temperature

Calcination temperature (K) oo (A) Vaicroporous (€m°/8)
RT 19.72 —
523 18.92 0.037
623 18.35 0.055
773 18.01 0.060
873 17.31 —
923 — 0.059
973 16.61 —
1073 16.01 —

KC2-5-Cl; 4 but not for G-5-Cl; ¢, confirming the better thermal stability of the
sample prepared from KC2 as the starting clay.

The tendencies for surface area evolution parallel those for structural organi-
sation deduced from XRD. Temperature increases cause a progressive loss of
organisation, together with a decrease of the BET surface area. Notice, however,
that the more thermally stable KC2-5-Cl, has lower surface areas than
G-5-Cl, .

1 | !
10 20 30°20

Fig. 2. Evolution of the XRD of sample KC2-5-Cl5, as a function of calcination temperature
(spectra recorded in situ): (a) RT; (b) 523 K; (¢} 623 K; (d) 773 K; (e) 873 K; {f) 973 K; () 1073
K.
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Fig. 3. Evolution of the XRD of sample G-5-Cl; 4 as a function of calcination temperature (spectra
recorded in situ): (a) RT; (b) 523 K; (¢) 623 K; (d) 773 K; (e) 873 K; (f) 973 K.

3.2. Acidity of pillared sample G-5-Cl; , in aqueous suspension

Sample G-5-Cl;  was selected for a study of surface acidity. The sample was
previously calcined to 773 K and will further be denoted GP for short.

The proton titration curve of GP is shown in Fig. 4. The Q = f(pH) isotherm
is shown in Fig. 5. It is obvious that the pillared clay has amphoteric properties
since Q is positive at low pH values and changes to negative at higher pHs. An

> -
O@m

V(HCH ml

Fig. 4. Proton titration curve of sample GP: pH as a function of amount of acid added.
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Fig. 5. Proton titration isotherm of sample GP: Q (surface protonic charge) as a function of pH.

ideal unpillared clay would not have amphoteric properties since it only has
substitutional, pH-independent layer charge (although in real clays, layer termi-
nation at the edges will generate acidic and/or basic surface groups); indeed,
the control experiment we performed on starting clay G indicated negligible
values of Q over the entire pH range (at most 6 - 10~ meq/g). Thus, the
behavior of pillared clays is more reminiscent of amphoteric oxides such as
alumina than of unpillared clays.

The Q = f(pH) curve may be exploited in two different ways. In the ‘1 site, 2
pK model’ (Stumm, 1992; Contescu et al., 1993), the hypothesis is made that
all surface sites are equivalent, and amphoteric in the sense that they can behave
as acid sites and as basic sites; thus, they may exist in three different forms,
protonated, neutral and deprotonated, which we will denote SOH;, SOH and
SO, respectively. The two successive reactions involving these forms may be
written (in the sense of deprotonation) as

SOH* 2@ SOH + H* K, = [R7][SOH] (1)
2 « al {SOH;}

SOH= SO +H* K =[H_+]{S_O_l (2)
< a2 {SOH}

with two successive deprotonation constants K,, and K,,. In the frame of this
model, the surface charge Q is

o~ (sons) - (so-) = OO

a
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® o
O: AB+,

octahedral

o: AI3+,

tetrahedral

Fig. 6. A schematic representation of the [Al,;] polycation, together with the identification of a
surface amphoteric site (SAS) as proposed by Bergaoui.

At low pH, since reaction (2) is completely displaced to the left, [SO~] = 0 and
the equation simplifies to: Q = {SOHJ}. Inversely, at high pH, 0 = {SO~}.

Theoretically, thus, K, and K, may be calculated from the Q = f(pH)
curve if one knows the total concentration of surface sites: {SO,,,} = {SOHJ}
+ {SOH} + {SO~}. This is the main difficulty in applying the model. In the case
of pillared clays, Bergaoui (Bergaoui, 1994) has shown that the ‘amphoteric
sites’ could be equated with specific groups situated on the [Al,;] pillars,
consisting in one bridging OH + one terminal H,O connected to the same
(six-coordinated) Al:

A

Fig. 6 recalls the structure of an [Al,,] pillar while evidencing these ampho-
teric sites. There should be one site per terminal H,O, i.e., 12 sites per pillar:
thus, the amount of [Al ;] pillars intercalated (deduced from Table 1) gives
access to the number of amphoteric sites.

One further difficulty is that the apparent pK,, and pK,, as calculated from
Eqgs. (1) and (2) are in fact not constant because the corresponding reactions
induce a variation of the surface charge, and are therefore dependent on the
value of Q. However, the intrinsic values, pK}' and pK>* may be estimated
by plotting the apparent values as a function of @, and extrapolating to zero
surface charge (Stumm, 1992).

Application of this procedure to our case provided the following values:

pK=50 and pKX=6.5

The pH of zero net protonic charge, pHp,, is that pH for which {SOHJ} =
{SO~} and therefore Q = 0. It may be checked that pH,, = 3(pK™ + pK2),
which yields pHy - = 5.75 for GP.

These figures may be compared with the corresponding values for a pillared
Ballarat saponite, SP, recently obtained by Bergaoui (Bergaoui, 1994; Bergaoui



360 1. Mrad et al. / Applied Clay Science 12 (1997) 349-364

et al., 1995¢)
pKi'=43102 pK&=80+02  pHpe=62+02.

The two values for pHp, of pillared clays are reasonably close, but definitely
different from those of y-Al,0, for which values around 8 are usually reported
(e.g. 8.4 in Ref. (Hohl and Stumm, 1976)). We may conclude that, although the
[Al,;] pillars behave like alumina in exhibiting amphoteric properties toward
aqueous solutions, their surface sites are not similar to those of y-Al,0O,.

The preceding ‘1 site, 2 pK’ model is almost universally employed. How-
ever, its assumptions are clearly simplistic and an alternative model has recently
been proposed (Contescu et al., 1993). In this ‘multisite, 1 pK model’, the
surface bears an unspecified number of different surface groups, each character-
ized by its own pK of deprotonation

R . [ [
; 285 +H K,,=———, fori=1, ..., n.
o TS H)
Even more generally, a continuous distribution of pK, f(pK), is assumed, and
the ‘total amount of deprotonated sites” Q(pH) is given by:

0@H) = [ a(oH, pK)f(pK) dpK,

where g(pH, pK) is the assumed form of the proton adsorption isotherm,
generally Langmuir type.

The solution of this ‘adsorption integral equation’ for f(pK) is a mathemati-
cally difficult task. A solution has recently been devised by Jagiello (1994) and
applied to pillared clays by Bandosz et al., 1994, 1995: this so-called SAIEUS
method (solution of the adsorption integral equation using splines) allows to

3,5 " T T
H3.46

-6

f(pK) Lbd

15 4.50 8.65

K

Fig. 7. Treatment of the proton titration isotherms of GP (bold) and SP according to the SAIEUS
method: Distribution of surface groups according to their pK, (f(pK) curve).
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Table 5
pKs of surface groups inferred from titration data, and concentrations of corresponding species,
estimated from titration data for sample GP and pillared saponite

Pillared saponite SP GP
pK concentration (meq /g) pK concentration {meq/g)
4.5 0.65 3.46 1.18
5.17 0.17
5.79 0.27
7.22 0.18 7.64 0.36
8.65 0.50 9.01 0.17

extract the f(pK) distribution from the data of Q as a function of pH. The
results of its application to the titration of GP are given in Fig. 7, together with
corresponding results for the titration of a pillared high-charge synthetic saponite
(SP: Bergaoui et al., 1995a). Fig. 5 also shows the (quite good) fit of the
Q = f(pH) data obtained from this pK distribution, and Table 5 summarizes the
f(pK) data.

The same treatment was applied to the control titration isotherm performed
for starting clay G. Two small peaks were obtained at pK = 5.9 (0.02 meq/g)
and pK = 8.7 (0.05 meq/¢g).

While a definite assignment of the different peaks in the f(p K) distribution to
different sites families would be premature, we may distinguish three groups of
peaks:

- The most intense peak is at pK = 3.46 in GP and pK = 4.50 in SP. It has
no correspondent in the unpillared clay G.

- A second group of two low intensity peaks is observed at pK = 5.17 and
5.79 in GP but is absent in SP. A much smaller peak is observed at pK = 5.9 in
the unpillared clay G.

« There are two peaks at higher pKs in both cases: 7.64 and 9.01 for GP,
and 7.22 and 8.65 for SP. A smaller peak is observed at pKX=8.7 in the
unpillared clay G.

Peaks of the first and third groups amount for a large number of acid sites:
1.71 meq per gram wet GP and 1.34 meq/g per gram wet SP (compare with the
CEC of the initial clays: 0.8 meq per gram dry montmorillonite G, and 1.5 meq
per gram dry saponite — expressing these values per gram wet pillared material
could only decrease them). The initial clays have only limited amounts of acid
sites, most notably at layer edges. On the other hand, the amount of intercalated
aluminum in the pillared clays may be estimated at 2.79 meq per gram wet GP
and 2.31 meq per gram wet SP. (Based on previous experience (Chevalier et al.,
1994a; Suquet et al., 1994), we estimated the water content of pillared clays to
be approximately 15% by weight.) The two quantities are of comparable
magnitude, suggesting that it is reasonable to assign most of the acidity to
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species carried by the Al pillars (with a minor contribution of layer edge groups,
evidenced by the peak at pK = 8.7 in G). However, the respective intensities of
the three f(pK) peaks are significantly different between both pillared clays,
and so is the position of the low pK peaks (the differences in the positions of
the peaks at pK > 7 are of marginal significance). It is clear that further research
will be necessary before specific identification of the pillars Bronsted acidic
groups can be proposed with confidence. Studies on related materials (Bandosz
et al., 1994, 1995) show that details of the intercalation and pillaring procedure
may have consequences on the acidity of the final material.

As for the peaks of the second group, it seems that they should be assigned to
species present in the pillared montmorillonite but not in the pillared saponite.
For instance, they might be related to the presence of substitutional iron:
montmorillonite G contains about 7% iron oxide, while the saponite is almost
iron-free. This translates to about 0.64 meq Fe per gram wet GP, as compared to
0.436 meq /g for the sum of peaks at pK = 5.17 and 5.79. The amount of these
species is therefore close to the rotal amount of iron. In contrast, the peak at
pK = 5.89 in the unpillared clay G amounts for only 0.024 meq/g, which might
correspond to layer edge iron. As pillaring makes the interlayer space accessi-
ble, the increase of this type of acidity on pillaring would seem logical.
However, while it is easy to see how the broken bonds of iron atoms at the layer
edges might give rise to acid sites, it is unclear at this point how substitutional
iron atoms in the center of the layers may do so.

4. Conclusion

The study of the influence of Al intercalation parameters of two montmoril-
lonites has allowed to define optimum conditions for this reaction. The precursor
salt must be an aqueous solution of Al chloride, titrated to an OH /Al ratio = 2.0;
pH adjustment to 5.6 is favorable and the optimum Al/clay ratio is 5 mmol /g.

Calcination of the Al-intercalated montmorillonites produces pillared materi-
als which keep interesting textural properties (surface areas, microporous vol-
umes) and interlayer spacings up to 773 K (KC2) or 873 K (G). These
temperatures are largely sufficient to stabilise the matrix and prevent counterex-
change of the Al polycationic pillars, which is the desired property for applica-
tions to adsorption.

The study of the acido-basic properties of pillared clay surface groups
indicates well-defined amphoteric properties, with a pHp,- = 5.75. This is of
primordial importance for adsorption studies of ionic species, since pHp,c
determines the border between pH regions where cationic adsorption and anionic
adsorption are possible, respectively. In particular, anion adsorption should be
possible in a large range of pH on pillared clays while it is impossible in the
interlayer region of unpillared clays. The acido—basic properties of our Al-pil-
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lared montmorillonite are quite similar to those of an Al-pillared saponite, but
clearly different from those of y-alumina. This constitutes one more piece of
evidence that the pillars are not transformed into alumina during calcination,
contrary to the simplistic picture often found in the literature.
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