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Abstract

The hydrolysis of mixed solutions of Al(III), Ga(III), Al(III), Ln(III) and Zr(IV) was studied by potentiometric,

spectrophotometric and 27Al- and 71Ga-NMR techniques. For the Al±Ga system formation of GaAl12�OH�11�
28 species seems

more probable into the pH range 4�pH�5. Afterwards, the Al13�OH�7�32 species predominate in agreement with

thermodynamic data obtained by SUPERQUAD program. Both tetrahedral GaIV and AlIV may coexist in solution, the interval

being de®ned by potentiometric methods. For the Ln(III)±Al(III) systems 27Al-and 139La-NMR does not con®rm the chemical

interaction between the two species in solution, but the physicochemical properties of the La±Al/PILCS were different than

Al/PILCS, suggesting a strong interaction in the solid state. Ce(III) and Ce(IV) ions do interact with Al(III) in solution, into

the pH range 2.78<pH<3.99, according with the spectrophotometric behavior. Finally, the Zr(IV) hydrolysis was followed by

UV in the pH range greater than 2.0, showing the formation of Zr4�OH�8�8 species, which was veri®ed by calculations using

SQUAD program, but the precipitation occurs at pH>3.0. # 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The insertion of polyoxocationic species into the

interlamellar space of layered materials has been a

subject of research in view of potential applications for

the preparation of microporous materials used in

separation technology and catalysis [1±3]. However,

excepting the aluminum studies on the species for-

mation, very little is known on the hydrolysis mechan-

isms of other inorganic polymer precursors or the

in¯uence of pH and cation concentration on the

intermediate species formation [4]. Recently, the

synthesis of aqueous GaO4Ga12�OH�24�H2O�7�12 and

GaO4Al12�OH�24�H2O�7�12 polyoxocations was inves-

tigated [4,5] and these species were found isostruc-

tural with Al13O4�OH�24�H2O�7�12 , which were

synthesized previously by hydrolysis of Al(III) solu-

tions [6]. However, these studies do not include the

in¯uence of the total metal concentration on the poly-

nuclear species formation. The Ga(III) and Ga(III)±

Al(III) polynuclear species are of interest for several

reasons: the isoelectronic con®guration that exists

between Ga and Al and the larger ionic radius of
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Ga(III), i.e. rGa(III)�0.62 AÊ vs. rAl(III)�0.50 AÊ , would

result in a larger polyoxocation with a thermally stable

structure. The typical structure of these species is the

well known modi®ed Keggin ion con®guration, hav-

ing a central tetrahedrally coordinated species Ga(III)

or Al(III) species, i.e. AlTd(III), surrounded by twelve

edge-linked octahedral Ga(III) or Al(III) species

(GaOh(III) or AlOh(III)). On the other hand, Ln(III)±

Al(III) polynuclear species in solution have not been

reported so far, but these systems are of interest

because the possible stabilizing properties induced

by Ln(III) polyvalent cations in the spinel-like struc-

ture of the interlamellar pillars. Also, the inherent

catalytic properties of the Ln(III) may lead to unex-

pected results from the catalysis point of view.

In turn, Zr(IV) speciation studies have been rarely

reported, which is due in part to the instability of their

inorganic species in solution and the appearance of

ageing effects [7,8]. Therefore, the purpose of the

present work was twofold, ®rstly, to carry out a

speciation study of the Ga(III)±Al(IIII), Ln(III)±

Al(III) and Zr(IV) systems in solution, in order to

determine the pH intervals and the in¯uence of metal

concentrations on the formation of species and sec-

ondly, to use the proper conditions derived from the

previous study to prepare intercalated clays, which

could have improved hydrothermal resistance proper-

ties that could be of interest for their use as catalysts

supports in hydrocarbon hydrotreatment [3]. To this

end, a combination of potentiometric and spectro-

photometric analysis, 27Al-, 139La-, 71Ga-NMR and

equilibrium calculations using SUPERQUAD and

SQUAD programs [9] were applied with the aim of

determining the formation interval for the

GapAlq�OH�3p�3qÿr
r , LnpAlq�OH�3p�3qÿr

r , Zrp�OH�3p
r

polyoxocations and the alternate species that might

coexist in solution.

A further veri®cation of the chainlength was made

by measuring the interplanar distance of the interca-

lates, using X-ray methods. Also, the polynuclear

species formed in solution were used for intercalation

of layered clays, with the purpose of improving their

hydrothermal resistance properties. The textural and

structural variations of the intercalated clays (Al±Ga,

Al±Ln, Zr) were tested for their hydrothermal stabi-

lity. In turn, these intercalates were evaluated as

catalysts supports for hydrocarbons hydrotreatment

[2,10].

2. Experimental methods

2.1. Potentiometric studies

Al(III), Ga(III) and Al(III)/Ga(III) solutions (with a

concentration ratio Al/Ga equal to 12) were prepared

from Al(NO3)3�9H2O (Baker Analyzed, 99.1%) and

Ga(NO3)3�9H2O (Baker Analyzed, hp) in distilled/

deionized and decarbonated water. The metal concen-

tration of the stock solutions was determined by

complexometry techniques. The Al(III) samples had

a concentration range between 3.96 and 19.80 mol lÿ1

(10ÿ3), while the mixed Al±Ga solutions had concen-

trations from 3.96 and 19.80 mol lÿ1 (10ÿ3) of alu-

minum and 3.47±17.36 mol lÿ1 (10ÿ4) of gallium,

respectively.

Three samples of each solution were titrated using

NaOH (std.). The pH variations were monitored with a

Tacussel-LPH430T pH-meter (�pH�0.001), ®tted

with a combined glass type electrode and internal

reference, as well as a temperature probe. The tem-

perature was controled with a MGW-Lauda T1 bath

(�T�0.18C) and the nitrogen stream was kept con-

stant during the measurements. A previous correction

for cell ef®ciency was applied before feeding data to

the SUPERQUAD programs [9]. The pH was mea-

sured for all the hydrolyzed solutions accordingly with

Tables 1±3, respectively. The potentiometric data

allowed the determination of the ÿlog �* values,

which corresponded to the formation constants, con-

sidering water and protons for equilibrium balance as

recommended by IUPAC.

Table 1

The best models refined for Al(III) and Ga(III) hydrolysis by

SUPERQUAD methods

Solutions Species ÿlog �*��
Al(III) Al(OH)2� 5.29�0.04

Al3�OH�5�4 13.57�0.05

Al13�OH�7�32 110.54�0.10

Ga(III) Ga(OH)2
� 7.7�0.03

Ga(OH)3 10.71�0.01

Al(III) and Ga(III) Al(OH)2� 5.37�0.13

Al3�OH�5�4 13.23�0.05

Al13�OH�7�32 110.27�0.10

Ga(OH)3 10.13�0.01

Al12Ga�OH�11�
28 89.40�0.17
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Similarly, the mixed Al±Ln (La, Ce) species were

synthesized from AlCl3�6H2O (6.13 M Al) and

Ln(NO3)3 (433.02 g/gmol of La, 434.23 g/gmol of

Ce) solutions at pH's between 3 and 3.5, at 608C,

with Ln/Al ratios: 0.0081, 0.0163, 0.0326, 0.0652 and

0.1304. 1 M. A HCl solution was used for pH control

under stirring.

The Zr(IV) solutions were prepared from the slow

hydrolysis of ZrCl4 solutions (1�10ÿ4 M) using

NaOH (std.), and this was followed by potentiometric

and UV spectroscopy methods. The Zr(IV) system

was studied before by C.F. Baes and Hannane et al.

[7,8], who used a methodology based upon extraction

with several solvents in concentrated acidic solutions

and the Zr complexes in solution were aged before the

measurements. The second author used Raman spec-

troscopy. In contrast, in the present work, a spectro-

photometric method was applied to determine the

equilibrium constants. A series of fresh solutions were

used to this end and the measurements were performed

in stationary state at different time intervals. The

Zr(IV) solutions were prepared using decarbonated

water at several concentrations. The hydrolysis was

monitored by potentiometric methods and by UV

spectrophotometry, at distinct pHs, up to the precipi-

tation point. Both temperature and surrounding envir-

onment were kept under control, i.e. T�258C in a

dynamical nitrogen atmosphere.

2.2. NMR studies

The 27Al, 139La and 71Ga NMR spectra were

obtained on a Bruker DMX-500 spectrometer at

258C. AlCl3�6H2O, La(NO3)3 and Ga�H2O�3�6 were

used as references, and D2O was used for external ®eld

frequency lock. However, some of the cationic sys-

tems in solution were not well suited for NMR studies,

i.e. Ce3� and Zr4�. In these cases a UV characteriza-

tion was made using a PE-Lambda 18 spectrophoto-

meter, ®tted with a silica-gel-Beckman type cell.

2.3. Pillared clays preparation

The hydrolysis products were used for preparing

pillared clays by means of the intercalation of the

polyoxocationic species (i.e. in solution) into the

interlamellar space of the layered materials. The pH

was the critical parameter in each case, as follows:

1. ±(Al±Ga)-PILCS were prepared from 130 g of

puri®ed Montmorillonite type clays from Oaxaca,

Mexico, which were suspended in 150 ml of

bidistilled water and 3 ml HCl (1 M) were added

for pH adjustments. The (Al�Ga) aqueous solu-

tions (Ga/La�1) with OH/M ratios of about 2.0

were stirred at room temperature and the clay

suspension was added slowly, under pH conditions

in the interval 3.9�pH�4.0. After centrifugation

(1�103 rpm) and drying at 408C in air, the solids

were calcined at 4008C (2 h), then were studied by

X-ray diffraction in order to measure the inter-

planar distances (d).

2. ±(Al±Ln)-PILCS were prepared from a clay-water

(bidistilled) suspension (40% w/v), which was

saturated with NaCl (0.1 M) in order to produce

a homoionic clay (i.e. 5 meq Na�/gclay). The pre-

cursor (Al±Ln) solution was prepared by hydro-

lysis of AlCl3/Ln(NO3)3 salts with 750 ml of a 1 M

solution of NaOH, until a OH/M ratio equal to 2

was reached. Then, 2 meq [Al±Ln]/gclay was added

to the clay suspension at 508C, under moderate

stirring (24 h), always keeping pH around 3.7.

After washing with demineralized water and cen-

trifugation, the solids were dried at room tempera-

Table 2

Ga(III)±H2O systems for NMR studies

System OH/M ratio pH

A 0.00 2.655

B 0.30 3.096

C 0.50 3.248

D 1.50 3.718

E 2.30 4.224

Table 3

Al(III)±Ga(III)±H2O systems for NMR studies

System OH/M ratio pH

A 0.00 2.781

B 0.22 3.119

C 0.31 3.359

D 0.40 3.547

E 0.54 3.782

F 1.54 4.053

G 2.31 4.295
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ture under air flow, then were calcined at 4008C
(2 h).

3. The Zr-PILCS were prepared from a 1 M ZrCl4
hydrolyzed solution (with a std. 1 M NaOH solu-

tion at room temperature) which was kept under

moderate stirring in nitrogen atmosphere. Each

point was left to reach equilibrium before the next

addition. The final point of the hydrolysis was

marked by a pH value of about 1.8±2.0, just at

the starting point of the Zr ion precipitation. After

heating at 508C (3 h) the mixture was cooled down

to room temperature, then it was washed, centri-

fugated and dried at 258C, before calcination at

4008C (2 h).

3. Results

3.1. Potentiometric studies

The mean titration curves for Al(III), Ga(III) and

Al(III)/Ga(III) solutions are shown in Fig. 1(a)±(c) for

the region of interest. In all cases an increase of pH

proceeds until a molar ratio OH/M(III)�2. The poten-

tiometric data were feed to SUPERQUAD programs

[9] for equilibrium constants re®ning. The best ®ts

corresponded to the model shown in Table 1.

The species and equilibrium constants in Table 1

are very similar to those obtained by Brown et al. [6],

but the heteropolynuclear complex Al12Ga�OH�11�
28

has been recently con®rmed by Botello et al. [12]

with the aid of 71Ga-NMR as shown in Fig. 1(d). The

distribution diagram of Ga(III) species, which was

built using the data reported in Table 1 for this parti-

cular system, which explains this behavior.

The model obtained in this work for Al(III) hydro-

lysis is similar to the models proposed by Brown et al.

[6] and OÈ hman et al. [11], who considered a poly-

nuclear species for aluminum, i.e. (Al13�OH�7�32 ) hav-

ing a Keggin ion type structure.

The species distribution diagram for the Al(III)±

Ga(III) system is displayed in Fig. 1(e), for a speci®c

concentration, i.e. [Al(III)]tot�19.80�10ÿ3 M,

[Ga(III)]tot�17.36�10ÿ4 M. Here the tridecamer,

i.e. Al12Ga�OH�11�
28 , appears clearly in the pH interval

3.9<pH<5.0.

The AlCl3±La(NO3)3 and AlCl3±Ce(NO3)3 solution

series were evaluated by potentiometric methods and

were characterized by means of UV spectroscopy, as

indicated in Figs. 2±4. La(III) solutions presented two

broad absorption maxima around 245 and 285 nm,

with a pro®le similar to KNO3 absorption spectrum

(Fig. 2). This indicated a rather moderate La(NO3)3

hydrolysis, which is evidenced by the presence of

NOÿ3 anions free in solution. On the other hand, the

pure Ce(III) hydrolysis gave rise to a broad absorption

band, which was different than KNO3 (Fig. 3). How-

ever, in the hydrolysis of the mixed Ce(III)±Al(III)

solutions a UV-absorption pro®le similar to KNO3 is

observed again, con®rming the previous results

obtained with La(III) salts hydrolysis. In Fig. 4 the

entire series of hydrolysis for Ce(III)±Al(III) is

reported, observing the same UV-absorption pro®le,

which is enhanced by the increasing pH, i.e. from

bottom to top.

The study of Zirconium solutions by UV absorption

techniques led to the results shown in Fig. 5, where the

spectra look similar to those of Zr(IV) solutions

(0.05 M) at distinct pH values. The absorption

increases with the pH, thus indicating the hydrolysis

progression in function of the NaOH content. The data

for Zr solutions were feed to the SQUAD programs

and the results were as follows: Species Zr(OH)3�,

Zr�OH��3 and Zr4�OH�8�8 haveÿlog � values equal to

ÿ0.3, �5.1 and �2.37, respectively. From these

results, a species distribution diagram was obtained

(Fig. 6). It is clear that for 0.01 M concentrations the

polynuclear species, i.e. Zirconium tetramer, predo-

minates only in the pH range above 1.8. In this

viewpoint, the pillaring of layered materials must

be realized under pH values equal to 2.0 or higher.

The interplanar distance of the Zr(IV)-pillared clays

was equal to 19.8, before calcination, which indicated

an expansion of about 5.4 AÊ , which might correspond

to the insertion of 1 tetramer layer in the interlamellar

space. Fig. 7 shows the absorption coef®cients (i.e.

SQUAD results). These results show clearly that the

tetramer species predominate, their absorption coef®-

cient being higher than mononuclear species.

3.2. Thermal properties of Ln(III)±Al(III)-Pillared

clays (PILCS)

The variation of the X-ray basal peak areas provided

information on the pillared-structure integrity, i.e. the

peak pro®le indicates the structure stability in function
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Fig. 1. (a) Titration curves for Al(III) at 258C: ~~~ 3.96�10ÿ3 M, xxx 7.92�10ÿ3 M, - - - 11.88�10ÿ3 M, ÐÐÐ 15.84�10ÿ3 M, ���
19.80�10ÿ3 M. (b) Titration curves for Ga(III) at 258C: ~~~ 3.33�10ÿ4 M, xxx 6.66�10ÿ4 M, - - - 9.99�10ÿ4 M, ÐÐÐ 13.33�10ÿ3 M,

��� 16.66�10ÿ4 M. (c) Titration curves for Al(III)-Ga(III) at 258C:~~~ 3.96�10ÿ3 M/3.47�10ÿ4 M, xxx 7.92�10ÿ3 M/6.94�10ÿ4 M, - - -

11.88�10ÿ3 M/10.42�10ÿ4 M, ÐÐÐ 15.84�10ÿ3 M/13.89�10ÿ4 M,��� 19.80�10ÿ3 M/17.36�10ÿ4 M. (d) 71Ga-NMR spectra for mixed

Al(III)-Ga(III) aqueous solutions. The signal at 140 ppm confirms a Keggin ion structure for a tetrahedral Ga(III) surrounded by 12 octahedral

Al(III). (e) Species distribution diagram for Ga(III) in solution. [Al(III)]tot�19.80�10ÿ3 M, [Ga(III)]tot�17.36�10ÿ4 M. _____ Ga(III), - - - -

Ga�OH��2 , � � � � � � Ga(OH)3, Ð Al12Ga�OH�11�
28 .
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of the temperature under 100% H2O vapor. Only the

Ln(III)±Al(III) systems are described but the other

cases were found similar. Table 4 describes the varia-

tion of the basal peak (0 0 1) areas in function of

temperature, i.e. 400±8008C in 100% vapor. The peak

areas increase with temperature up to about 98% at

5008C, then decrease down to ÿ13.6% at 8008C.

Fig. 2. UV spectra of La, La±Al, KNO3 (0.06 M) species in

solution.

Fig. 3. UV spectra of Ce(NO3)3 ÿ5.06 M, Ce(2.78 M)-Al and

KNO3 (0.0438 M).

Fig. 4. UV spectra of Ce±Al hydrolysis series (pH decreasing from 4.22 to 2.78).

Table 4

Structural stability variation (%) of the steamed Al/Ce PILCS with

respect to temperature (in 100% vapor)

Temperature (8C) % Variation of X-ray peak profile area

400 ±

500 �98.1

600 �92.7

700 �37.4

800 ÿ13.6
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Similarly, Table 5 indicates the diffraction peak pro-

®le areas of the La(III)±Al(III) system in function of

the treatment temperature (i.e. from 400 to 8008C,

100% H2O vapor).

Fig. 5. UV absorption for the Zr solution series.

Fig. 6. Species distribution diagram for polyoxocations in aqueous

solutions.

Fig. 7. Absorption coefficients for the tetramer species.

Table 5

Structural stability variation (%) of the steamed Al/La PILCS with

respect to temperature (in 100% vapor)

Temperature (8C) % Variation of X-ray peak profile area

400 ±

500 �3

600 �15

700 ÿ29

800 ÿ55
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As observed, the Ce(III)±Al(III) is more stable than

the La(III)±Al(III) system.

4. Discussion

The combination of potentiometric techniques and

SUPERQUAD calculations, together with UV and

NMR spectroscopies, allowed a study on the species

formation in solution of the Al(III)±Ga(III), Al(III)±

Ln(III) and Zr(IV) systems. In the former system the

GaAl12�OH�11�
28 polyoxocation predominates in the

interval 3.9<pH<5.0, for speci®c concentrations, i.e.

[Al(III)]tot�19.8�10ÿ3 M, [Ga(III)]�17.36�10ÿ4 M.

At lower concentrations the pH interval becomes

narrower than the previous one, i.e. 4.1<pH<4.7 for

[Al(III)]tot�3.96�10ÿ3 M, [Ga(III)]�3.47�10ÿ4 M.

Also, the presence of 71GaIV in a high molecular

complex was con®rmed by 71Ga-NMR spectroscopy.

The typical behavior showed that at low hydrolysis

levels (OH/M�0±0.22) only octahedral gallium

appears (GaVI) but at OH/M ratios of 0.31±0.40 the
71Ga disappears, probably due to a symmetry loss. At

OH/M values equal to or higher than 0.54 the 71Ga (at

��139 ppm, tetrahedral) signal appears clearly. The

pillaring of layered clays with a mixed (GaTd�AlOh)

polyoxocationic solution led to stable materials with a

d-spacing of about 20.5 AÊ .

For the Ln(III)-Al(III) systems the potentiometric

data obtained after NaOH titration were not suitable

for the convergence of the equilibrium constants using

the SUPERQUAD program. Instead of this, UV spec-

troscopy was applied in order to generate more reli-

able data, but the signals recorded were only assigned

to the presence of NOÿ3 anions in solution, i.e. a

similar UV-absorption pro®le is compared positively

against KNO3 (Figs. 2±4), which indicated that only a

slight interaction occurs in solution. The 27Al-NMR

spectra did not show either a variation of both AlOh-,

AlTd-NMR peaks, thus the chemical interaction of Al

polyoxocations with the Lanthanides (La(III), Ce(III))

in aqueous solution was not con®rmed. This is prob-

ably due to the distinct hydrolysis range of the indi-

vidual salts, i.e. 2.8<pH<4.5 for Al(NO3)3 and about

8<pH<11 for Ln(NO3)3. However, when the polyoxo-

cationic solutions containing the Ln(III)±Al(III)

mixed species are used in the pillaring of layered

clays, both structural and hydrothermal resistance of

the Ln±Al/PILCS change dramatically. This indicates

that, Ln(III) do interact with the Al(III) complexes

upon calcination in air, leading to formation of very

stable spinel-like structures. The X-ray diffraction

pro®les of the Ln(III)±Al(III)/PILCS shows higher

d-spacings, i.e. up to 21 AÊ , as well as higher intensity

and symmetry in the interval 400±6008C, i.e. up to

about 98.1±92.7% peak area increase for Ce(III)±

Al(III)/PILCS and �15% peak area variation for

La(III)±Al(III)/PILCS. This structural reordering

may arise from the hydrothermal conditions in which

water vapor at high temperature (i.e. T>4008C) acts as

a transport medium into the clay ¯akes, thus associat-

ing the pillaring material left outside the pillars into

more regular intercalates. At temperatures higher than

6008C under 100% H2O vapor, a clear structural

degradation starts, leading to 29% XRD-peak area

loss at 7008C and 55% loss at 8008C for La(III)±

Al(III)/PILCS, but in the Ce(III)±Al(III)/PILCS sys-

tem a gain of 37.4% still persists at 7008C and ®nally,

a loss of only 13.6% occurs at 8008C. These results

con®rm previous reports [13,15], which disclose a

series of pillared clays prepared by ion exchanging

CeCl3, LaCl3 and LiCl3 aqueous solutions with Na�/

Ca2� Montmorillonite.

Previous analysis [14] by EELS (Electron Energy

Loss Spectroscopy) of the calcined solids indicated

that the EELS pro®le of the (La±Al)-Montmorillonite

is different to the pro®le corresponding to the Al-

Montmorillonite, which means that the chemical

environment of both aluminum (Al(III)-L edges at

72 eV) and oxygen (Ok-edges at 531 eV) atoms asso-

ciated with the pillar structure is indeed perturbed by

the introduction of Ln cations, thus indicating the

presence of rare-earth cations in the pillar structure

of the PILCS [13,14].

The Zr(IV) complexes in solution were studied by

potentiometric (coupled with Superquad calculations)

methods and UV spectroscopy. Although, this is an

unstable system which evolves with time, the equili-

brium conditions were reached by means of the con-

trol of surrounding environment (i.e. under N2

dynamical ¯ow) and constant temperature (i.e.

T�258C) as well as by the use of decarbonated aqu-

eous solutions under N2 ¯ow. The UV methods

allowed us to obtain the raw data for assigning the

more probable species in solution, but potentiometric

determinations are also underway to con®rm those
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results. In the previous work reported by Baes [7]

ageing of Zr(IV) solutions (�0.1 M) was performed

before the potentiometric measurements, i.e. 60 days.

In our case, the titration was made using fresh solu-

tions only (0.1 M) and waiting for equilibration, i.e.

about 7 h runs. Baes et al. did report mononuclear

species (Zr(OH)3�) formation and polynuclear

Zr3�OH�8�4 , Zr3�OH�7�5 and Zr4�OH�8�8 species. In

the present work, the trimeric species were not found,

which could be explained in basis of the ageing

treatment performed by Baes et al. Another difference

is that those authors made several determinations for

one single species at low concentrations (i.e.�0.1 M),

arguing that higher concentrations caused some pre-

cipitation. In the present work, this point was not

con®rmed. More probably, the precipitation at higher

Zr concentrations could be related with ageing. In the

present work, the pH interval for Zr4�OH�8�8 tetramers

formation was established, i.e. 1.8< pH <3.7 (Fig. 6).

In this respect, the species distribution diagram

(Fig. 6) is similar to the one reported by Baes et al. [7].

5. Conclusions

The search of more stable intercalated layered

materials was accomplished in this work by determin-

ing the conditions for species formation in solution.

Four systems were monitored by potentiometric, UV

and NMR methods: Ga(III)±Al(III), Ln(III)±Al(III),

Zr(IV). In the former case polynuclear species form in

the interval 3.9<pH<5.0 at concentrations [Al(III)]tot�
19.8�10ÿ3 M, [Ga(III)]�17.36�10ÿ4 M, but this pH

range is narrowed for lower concentrations, i.e.

4.1<pH<4.7 for [Al(III)]tot�3.96�10ÿ3 M, [Ga(III)]�
3.47�10ÿ4 M. For the Ln(III)±Al(III) system the Ln±

Al interaction in solution was elusive, but the hydro-

thermal properties of the clay intercalated materials

indicate that, insertion of Ln(III) in the pillar structure

may occur, which provokes a stacking reordering and

further resistance at high temperature (8008C under

100% steam). This results con®rm previous works

[13±15], which have pointed out that intercalation

of rare-earth cations like Lanthanum into the pillar

structure of the layered materials improve their hydro-

thermal resistance.

Finally, the Zr(IV) hydrolysis study indicated the

progressive formation of mononuclear and tetramer

species, i.e. Zr(OH)3�, Zr�OH��3 and Zr4�OH�8�8 , the

higher molecular weight species being predominant in

the interval 1.8<pH<3.7. In turn, the use of those

conditions led to intercalates with an interplanar spa-

cing of 19.8 AÊ , that is a 5.4 AÊ chainlength, which is

about the molecular diameter of a four-branched

Zr4(OH)8 species.
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