
                         

JOURNAL OF CATALYSIS 168, 450–462 (1997)
ARTICLE NO. CA971637

Tantalum-Pillared Montmorillonite

I. Synthesis and Physicochemical Characterization

G. Guiu, A. Gil, M. Montes,∗ and P. Grange
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The synthesis method of a stable, large-pore tantalum-pillared
montmorillonite family (Ta-PILC) and its physicochemical charac-
terization are reported. The clay used is a sodium montmorillonite.
The tantalum pillaring solution is prepared by careful control of
the hydrolysis of a tantalum alkoxide precursor, Ta(OC2H5)5, in
an ethanolic acidic solution. From XRD analysis it has been con-
cluded that the Ta-PILC possesses a high thermal stability, the pil-
lared structure is preserved even after calcination at 600◦C, and the
basal spacing, 26 Å at 500◦C, is one of the greatest values described
in the literature. On the basis of the bibliographic data concerning
tantalum alkoxide hydrolysis and condensation, and taking into ac-
count the experimental results obtained for this series of Ta-PILCs,
a structure of type [Ta8O10(OR)20], R = H, C2H5, has been proposed
as the precursor molecule of the tantalum pillars. c© 1997 Academic

Press

INTRODUCTION

Pillared clays (PILC) are microporous solid acid mate-
rials prepared by intercalating a metal oxide precursor be-
tween the layers of an expandable clay mineral. After cal-
cination, a bidimensional zeolite-like structure is obtained.
The size of the micropores is generally larger than those
in the conventional zeolite cage. The dimension of the mi-
croporous structure as well as the acid-base properties of
the PILC depend on the nature of the chosen pillar precur-
sor and on the pillaring conditions. Many PILCs have been
prepared using polycationic species of Ti, Cr, Fe, Ni, Zr, Al,
Ga, and Si. Of these, the materials using Al(III) and Zr(IV)
species appear to have the most promising properties: sta-
ble up to 500◦C and surface areas up to 200 m2/g. Several
reviews on PILCs have already been published (1, 2).

The diversity of the precursors studied is proof of the
great interest of pillared clays in catalysis. Therefore, the
enlargement of the PILC family with new pillar precursors
promises to be an interesting advancement in this field.

The acid-base properties of tantalum oxide have been
studied recently and much interest has been shown in

Ta2O5, particularly in its hydrated form, also known as
tantalic acid, which shows high acidity strength: Hammet
acidity function (3) H0 = −8.2 (90% H2SO4). Tantalum ox-
ide can be considered a solid with unusual acid properties.
Whereas most of the metal oxides show acidity after cal-
cination at 500◦C, tantalum oxide shows maximum acidity
at relatively low temperatures: 100–300◦C. On the other
hand, whereas the acidity of the metal oxides decreases
after water absorption, the acidity of tantalum oxide is
maintained even after absorption of large amounts of wa-
ter. Therefore, this solid acid is favorable to the develop-
ment of stable catalytic activity in reactions where water
molecules are present. Indeed, it shows excellent stabil-
ity in esterification, hydration, and dehydration reactions
(4–6).

As a result of the factors described above, the intercala-
tion of such solid acids between the layers of an expandable
clay would produce catalysts with acid properties different
from those of conventional pillared clays.

Nevertheless, in the case of tantalum as the precursor
of the pillars, the formation of metallic polyhydroxides in
water, which is the easiest way to the PILC synthesis, is
limited by the complicated chemistry of the tantalum ion in
aqueous solution (7, 8).

This probably explains why only one attempt of clay in-
tercalation with tantalum has been reported in the litera-
ture. Christiano et al. (9) have chosen an alternative way of
using metallic polyhydroxides. Indeed, these authors have
used a tantalum cluster [Ta6Cl2+

12 ] (10) as the precursor of
the pillars, which, after intercalation, is hydrolyzed and ox-
idized in situ. After calcination at 350◦C, the solid obtained
exhibits a surface area of 70 m2 g−1 and a basal spacing of
19.1 Å. This pillared clay collapses at 400◦C.

The aim of this paper is to describe the synthesis method
of a stable, large-pore tantalum-pillared montmorillonite
family (Ta-PILC) and to report the results of its physico-
chemical characterization. The preliminary results of this
study have already been published as a short communica-
tion (11).
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METHODS

Catalyst Preparation

The experimental conditions for the elaboration of the
precursor solution of the pillars were set up through a care-
ful study of the influence of: (i) the choice of the tantalum
initial species (TaCl5, TaF5, and Ta(OC2H5)5 were studied)
and (ii) the nature of the solvent (water or alcohol). The
tantalum alkoxide precursor and anhydrous ethanol sol-
vent appeared to be the most suitable choices. Once the
general procedure for the synthesis of Ta-PILC was fixed,
we studied the influence of one of the main preparation
parameters, the Ta/clay ratio (mmol Ta/g of clay), on the
thermal stability, texture and acidity. Indeed, the content
of tantalum versus the quantity of clay is one of the main
experimental parameters to study for the optimization of
the synthesis method (12).

The clay used was a commercial sodium montmorillonite,
Kunimine-Pure F, obtained from Kunimine Industry Co.
Ltd, with a particle size of less than 2 µm and a cationic
exchange capacity (CEC) of 106 meq/100 g of clay. Before
pillaring, this sodium montmorillonite was dispersed in wa-
ter and aged for 1 month. It was then washed by dialysis
until the conductivity of the surrounding water was less
than 1.5 µS. Eventually, the solid content of the clay sus-
pension was adjusted to 10 g clay liter−1. Fifty milliliters of
Na-montmorillonite dispersion was used for each synthe-
sis. Before the intercalation process, a 10% (v/v) acetic acid
solution (96%) was added to the clay suspension.

The tantalum pillaring solution was prepared by careful
control of the hydrolysis of a tantalum alkoxide precur-
sor (Aldrich, Ta(OC2H5)5, 99.98%). The quantity of tanta-
lum ethoxide required, imposed by the chosen Ta/clay ratio,
was dissolved in 200 ml of anhydrous ethanol (Carlo Erba,
99.5%). The hydrolysis ratio was then adjusted to H2O/
Ta = 5 and the solution stirred for 20 min at room tem-
perature. The initial concentration of the tantalum alkox-
ide in the clay suspension was varied between 0.77 and
6.17 mmol Ta/g of clay. Details of initial tantalum content
for all catalysts are given in Table 1.

In the pillaring process, the Na-montmorillonite suspen-
sion was added dropwise (addition rate 7 ml/min), with con-
tinuous stirring, to the precursor solution of the tantalum
pillar. The final suspension was allowed to stand for 3 h,
with vigorous stirring at room temperature. The suspension
was then washed by centrifugation (7 × 103 rpm) to con-
stant conductivity. Eventually, the samples were then dried
overnight and calcined in subsequent successive steps: 120,
250, and 500◦C.

Physicochemical Characterization

The XRD spectra were recorded in the 2θ range of 1.5◦

to 20◦, sweeping rate 0.2◦/min, with a Kristalloflex Siemens

TABLE 1

Sample Nomenclature and Initial Tantalum Content
(mmol Ta/g of Clay) for This Series of Ta-PILC

Samples Ta/clay ratio [mmol/g]

PILC-[Ta]1 0.77
PILC-[Ta]2 1.54
PILC-[Ta]3 2.31
PILC-[Ta]4 3.08
PILC-[Ta]5 3.86
PILC-[Ta]6 4.63
PILC-[Ta]7 5.40
PILC-[Ta]8 6.17

D5000 diffractometer using Cu Kα1 radiation and a sec-
ondary monochromator. A Ni filter was used. The results
obtained were processed using a Diffrac-AT V3.0 mea-
surement system. In preparation for XRD analysis, a few
drops of sample suspension were deposited on glass slides
and dried at room temperature. Since pillared clays usually
show a broad XRD pattern, the use of oriented specimens
is helpful for measuring the basal spacing unambiguously.
The interlayer distance of pillared clays was obtained from
its first-order reflection, d(001). The evolution with the ther-
mal treatment, carried out in situ, was studied over a tem-
perature range between 100 and 600◦C. A spectrum was
recorded at an interval of every 100◦C, after 1 h at constant
temperature.

The XRD spectra of Ta-PILC calcined at 700 and 900◦C
were also recorded for 2θ between 2◦ and 70◦, with a sweep-
ing rate of 0.5◦/min. The samples, in powder form, were
analyzed after deposition on a quartz monocrystal sample
holder supplied by Siemens.

The differential thermal analysis (DTA) and the ther-
mogravimetric analysis (TGA) were performed using a Se-
taram TGA 92 apparatus with a heating rate of 10◦C/min,
over a temperature range of 120–1000◦C. The quantity of
sample used for these analyses was about 30 mg. Before
analysis the samples were dried at 120◦C for 2 h, thus al-
lowing elimination of water and alcohol adsorbed on the
external surface and in the microporous volumes created
by pillaring.

Transmission electron microscopy (TEM) of samples was
carried out using a Jeol TEM SCAN 100 CX instrument,
coupled with a Kevex 5100 energy dispersion spectrometer.
The electron acceleration tension was 100 kV.

The silicon, aluminum, tantalum, and sodium contents in
Ta-PILC were estimated by atomic absorption spectropho-
tometry.

Nitrogen adsorption experiments were performed at 77 K
in a Micromeritics ASAP 2000 apparatus using a static vol-
umetric method. The samples calcined at 500◦C were pre-
viously degassed at 100◦C for 4 h to a final pressure of 1 mm
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Hg. The specific total surface areas were obtained for the
range of 0.05 to 0.2 of partial pressures using the BET equa-
tion and the microporous volumes were calculated using the
αS-plot method (13, 14). Total pore volumes were estimated
from nitrogen uptake at P/P0 = 0.99.

An exhaustive micropore characterization, in order to
obtain the micropore size distribution of the sample, was
achieved through the adsorption isotherms starting at much
lower relative pressures (10−6) than those used in conven-
tional analysis.

Infrared (FTIR) spectra were recorded using a Brucker
FT 88 spectrometer. The samples were diluted in KBr at a
concentration of 10% wt Ta-PILC, and pressed in pellets.
In preparation for FTIR analysis, the pellets were dried
in vacuum (10−6 Torr) at 150◦C for 2 h. The spectra were
recorded directly at room temperature.

The photoelectron spectroscopy (XPS) studies were per-
formed at room temperature on SSX-100 “206 Surface Sci-
ence Instruments (SSI)” equipment (10 kV, 11.5 mA). The
X-ray source was an Al anode (1486.6 eV), supplied by a
monochromator. The energy scale of the spectrometer was
calibrated with the Au 4f7/2 binding energy fixed at 83.98 eV.
The atomic concentration ratios were calculated by correct-
ing the intensities (the integral of each peak) with the sen-
sitivity factors (15).

In preparation for the analysis, the samples were de-
gassed under vacuum (10−7 Torr) for at least 10 h at room

FIG. 1. Evolution of XRD patterns of Ta-PILCs as a function of calcination temperature.

temperature. The residual pressure in the spectrometer dur-
ing the analysis was between 5 and 10 × 10−9 Torr. The posi-
tive charge generated by the photoelectron ejection process
within the insulating samples was made up by using a charge
neutralizer. The neutralizer energy was adjusted at 8 eV.

RESULTS

X-Ray Diffraction

XRD patterns of Ta-PILCs calcined at several tempera-
tures (100–600◦C) recorded in the range of 2θ from 2◦ to
12◦ are shown in Fig. 1. The Ta-PILC diffractograms show
two first-order reflections (d(001)). The first at 2θ ≈ 7◦ can
be assigned to the nonpillared clay during the intercala-
tion process. The second at 2θ ≈ 3◦, because the intercala-
tion of tantalum polyhydroxides between the montmoril-
lonite sheets results in an increment of the basal spacing,
corresponds to the pillared clay. For the highest tantalum
contents, i.e., PILC-[Ta]7, the 7◦ reflection is broader and
contains two maxima. The maximum at 2θ , slightly lower,
could be the result of the intercalation of tantalum species
different from those giving the pillared structure.

As can be observed from Fig. 1, when the tantalum con-
tent used in the intercalation process increases, an increase
in the intensity of the pillared clay d(001) peak and a de-
crease in the intensity of the nonpillared d(001) peak are
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FIG. 2. Evolution of basal spacing (Å) of pillared clays with thermal
treatment.

noted, for the same thermal treatment. In addition, as can
be seen in Fig. 1, a minimal quantity of mmoles of Ta per
gram of clay (≈3.86) seems to be required in order to ob-
tain a solid characterized by a well-defined pillared clay
diffraction peak.

The thermal stability of these products was studied by
comparing the evolution of the Ta-PILC interlayer dis-
tances at different temperatures (Fig. 2). The interlayer
distances measured for all the products of this series of
Ta-PILCs are considerable. Although the basal spacing for
all samples decreases with increase of the calcination tem-
perature, the values obtained for products calcined at 500◦C
(24–26 Å) show that the pillared structure is maintained
even after this thermal treatment. We reported only the
values corresponding to the PILC-[Ta]5, PILC-[Ta]6, PILC-
[Ta]7, and PILC-[Ta]8 samples, since for the solids with low
tantalum content the resolution of the X ray diffraction is
not good enough to evaluate the basal spacing precisely
whatever the calcination temperature.

XRD patterns of PILC-[Ta]3 and PILC-[Ta]7 samples
calcined at 700 and 900◦C recorded with 2θ from 2◦ to 70◦

are displayed in Figs. 3A and 3B, respectively.
The crystallization of pure tantalum oxide into the or-

thorhombic phase occurs at 760◦C (16). However, as can be
seen in Figs. 3A and 3B, after thermal treatment at 900◦C
PILC-[Ta]3 and PILC-[Ta]7 present only slight peaks cor-

FIG. 3. (A) XRD patterns of PILC-[Ta]3, 2θ 2◦–70◦, after thermal treatment at 700 and 900◦C. (B) XRD patterns of PILC-[Ta]7, 2θ 2◦–70◦, after
thermal treatment at 700 and 900◦C.

responding to the more intense lines of the tantalum oxide
orthorhombic phase. At 700◦C, the temperature at which
the dehydroxylation of the montmorillonite sheets occurs,
the Ta-PILC loses its pillared structure. This dehydroxyla-
tion, and the fact that the spectrum of PILC-[Ta]7 calcined
at 700◦C has been taken with a sample in powder form, ex-
plains the dramatic loss of the 3◦ diffraction peak in Fig. 3B
compared to Fig. 1.

Thermal Analysis

In the range of 120 to 700◦C, thermogravimetric analy-
sis of tantalum-pillared clays shows a constant decrease in
sample weight with increasing temperature. The weight loss
varies between 4 and 5% of the weight of the sample dried
at 120◦C.

Figure 4 shows TGA curves as well as their differential
form (DTG) for the sodium montmorillonite and Ta-PILCs.

For the Ta-PILCs, several temperature ranges can be dis-
tinguished. The TGA and DTG analyses strongly suggest
that the dehydroxylation of the pillars is carried out be-
tween 200 and 400◦C. In fact, these curves present two max-
ima in this range. The first, at about 190◦C, can be assigned
to the elimination of hydration water, which could be more
strongly bonded than in nonpillared clays, probably either
by hydrogen bond or coordinated to the pillars (17, 18). The
second, at about 330◦C, can be associated to the dehydrox-
ylation of the pillars. Between 600 and 620◦C, there is an
extra weight loss assigned to the elimination of water pro-
duced by dehydroxylation of the clay sheets. Its intensity
per gram of sample decreases with an increase in tantalum
content.

For sodium montmorillonite, the most remarkable des-
orption is observed at about 686◦C. That is, the dehydroxy-
lation of the clay sheets in Ta-PILC is done at a temperature
about 68◦C lower than that in sodium montmorillonite.

The differential thermal analysis of sodium montmoril-
lonite shows an endothermic peak due to the dehydroxy-
lation of the clay structure at 690◦C. Besides, an exother-
mic transition, assigned to the formation of spinelle, albite,
quartz, and enstantite, is also observed at 950◦C (19).
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FIG. 4. TGA and DTG curves for Ta-PILCs and Na-montmorillonite.

The DTA analysis of tantalum-pillared clays presents
the peak assigned to the dehydroxylation of the clay
structure at lower temperatures (630◦C) than Na-mont-
morillonite. The Ta-PILCs show, in addition to two peaks
of Na-montmorillonite, the existence of another exother-
mic transition at 870◦C. This transition, detected from tan-
talum contents higher than 3.08 mmol Ta/g of clay, can be
associated with the tantalum pillars. However, it would cor-
respond to the amorphous tantalum oxide crystallization.
The intensity of this exothermic peak increases with the
tantalum content of Ta-PILC. Under the same experimen-
tal conditions, amorphous pure tantalum oxide crystallizes
at 760◦C. Therefore, in Ta-PILCs, the tantalum oxide crys-
tallization process is delayed by about 100◦C.

Atomic Absorption Spectrometry

The results of atomic absorption spectrometry analysis,
expressed as percentage weight of oxide, are summarized
in Table 2. Figure 5 shows the value, in mmol Ta/g of clay, of
the final tantalum content obtained by atomic absorption
analysis of the Ta-PILCs versus the initial tantalum content
in the intercalation process.

The final tantalum content (mmol Ta/g of clay) was cal-
culated taking into account (i) the percentage weight of
Ta2O5 and SiO2 in Ta-PILC (Table 2) and (ii) the percent-
age weight of the SiO2 within the montmorillonite layer
(58%).

Initially, the tantalum concentration in pillared clays in-
creases linearly with the increase of the quantity of tanta-
lum used in the intercalation process. However, from the
sample PILC-[Ta]5, the curve seems to reach a plateau.
Since the maximum quantity of tantalum used for the inter-
calation is much greater than the final tantalum content in

TABLE 2

Ta-PILC Chemical Analysis Expressed as Percentage
Weight of Oxide

% Oxide

Samples SiO2 Al2O3 Ta2O5 Na2O

Na-mont. 60.9 21.4 0.0 2.70
PILC-[Ta]2 48.9 16.6 24.5 0.10
PILC-[Ta]3 39.8 13.5 34.7 0.08
PILC-[Ta]4 36.0 12.1 42.1 0.08
PILC-[Ta]5 33.4 10.6 43.5 <0.07
PILC-[Ta]6 31.5 10.3 48.3 0.07
PILC-[Ta]7 29.3 9.5 51.1 0.09
PILC-[Ta]8 29.6 9.2 53.2 0.10

Ta-PILCs, the excess of tantalum must be eliminated during
the settling and subsequent successive washings of the final
product. This was confirmed by the analysis of the wash-
ing water which shows a very high content of tantalum for
the PILC-[Ta]5, PILC-[Ta]6, PILC-[Ta]7, and PILC-[Ta]8
samples.

The SiO2/Al2O3 ratio in pillared clays varies between
2.9 and 3.1. Taking into account the 2.9 ratio obtained for
the initial Na-montmorillonite and the experimental error
(up to 3% for each element), the ratios obtained for the
Ta-PILCs seem to show that the structure of the clay sheets
was not impaired during the intercalation process.

The Na2O content in Ta-PILCs dried at 120◦C varies be-
tween 0.07 and 0.10% in weight. Compared with the 2.7%
in the initial Na-montmorillonite, these results indicate that
the cationic exchange of sodium in the intercalation pro-
cess, by species derived from tantalum, is almost complete
for the entirety of analyzed samples.

Textural Characteristics

The nitrogen adsorption–desorption isotherm for Na-
montmorillonite and an isotherm representative of the

FIG. 5. Values, in mmol Ta/g of clay, obtained by atomic absorption
analysis of the Ta-PILCs versus the initial tantalum content in the inter-
calation process.
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FIG. 6. Nitrogen adsorption–desorption isotherm for Na-mont-
morillonite and an isotherm representative of the shape found for the
Ta-PILCs (PILC-[Ta]6).

shape found for the Ta-PILCs (sample PILC-[Ta]6) are dis-
played in Fig. 6. The samples analyzed were previously cal-
cined at 500◦C.

The adsorption isotherm for Na-montmorillonite cal-
cined at 500◦C is type II according to the Brunauer, Deming,
Deming, and Teller (BDDT) classification (macroporous
solids). The hysteresis loop (H3 type in IUPAC) indicates
the presence of slit or parallel plates shaped mesoporous.

The Ta-PILC adsorption isotherms are of a mixed type
corresponding to a combination of type I and II isotherms.
In fact, at low relative pressures, the isotherms show a high
uptake of nitrogen, characteristic of type I isotherms, in-
dicating therefore the presence of micropores within the
Ta-PILCs. Otherwise, at high relative pressures (P/P0 > 0.4)
the adsorption isotherm can be associated with a type II
isotherm, characteristic of macroporous solids. The hystere-
sis loop is type H3 in the IUPAC classification. Namely, the
adsorption–desorption isotherms show that this series of
Ta-PILC possesses, in addition to the characteristic micro-
porosity of PILCs, a mesomacroporous structure.

The BET surface areas and the pore volumes of the
tantalum-pillared clays are given in Table 3. The micropore

TABLE 3

Specific Surface Areas and Specific Pore Volumes for Ta-PILC

Samples SBET
a Cb Sext. Vp

c Vµp
d

Na-mont. 14 100 14 0.050 0.000
Ta2O5 56 215 56 0.04 0.0
PILC-[Ta]1 139 296 89 0.165 0.027
PILC-[Ta]2 116 239 73 0.134 0.026
PILC-[Ta]3 114 209 59 0.138 0.027
PILC-[Ta]4 125 230 65 0.161 0.030
PILC-[Ta]5 118 207 52 0.157 0.031
PILC-[Ta]6 125 237 52 0.141 0.040
PILC-[Ta]7 129 227 52 0.149 0.045
PILC-[Ta]8 135 225 43 0.150 0.050

a Specific surface area (m2/g).
b BET C value, characteristic of the adsorbate–adsorbent interaction.
c Specific total pore volume at P/P0.
d Specific pore volume (cm3/g).

FIG. 7. Evolution of the BET specific surface areas (♦), the external
surface areas (s), and the micropore surface areas (m) as a function of
calcination temperature.

volumes and the external surface area were obtained from
the αs-plot method. This method is based on the comparison
of the shape of the adsorption isotherm of the sample stud-
ied with that of an isotherm of a nonporous reference solid.
In this work, a sample of Na-montmorillonite calcined at
800◦C was used as a reference solid. The micropore surface
areas were calculated by subtracting the external surface
area from the total BET area.

Figure 7 shows the evolution of the BET specific surface
areas, the external surface areas, and the micropore surface
areas of Ta-PILCs versus the calcination temperature.

All the Ta-PILCs, except PILC-[Ta]2, present a continu-
ous decrease in the specific surface area with the calcination
temperature. For PILC-[Ta]2, an increase in BET surface
area after 250◦C calcination can be observed. The thermal
treatment seems to have a stronger influence upon the mi-
cropore than upon the external surface area.

The nitrogen adsorption isotherm of the tantalum-
pillared clays, calcined at 500◦C, shows that these solids
present a microporous structure. In order to study this mi-
croporosity, nitrogen adsorption isotherms were built more
accurately at very low pressures. Figure 8 shows the micro-
pore size distribution for tantalum-pillared clays obtained
using the slit-like model of Horvath and Kawazoe (20). As
recently proposed by Gil and Montes (21), the value of
NaAa + NAAA (named the “interaction parameter”) used
in this study has been 33.8 cal · nm4 mol−1.

PILC-[Ta]2, PILC-[Ta]4, and PILC-[Ta]6 microporous
distribution curves show two differentiated maxima at 4.2
and 6.3–6.6 Å. For these samples, a shoulder at about 5.3 Å
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FIG. 8. Micropore size distribution of PILC-[Ta]2, PILC-[Ta]4, PILC-
[Ta]6, and PILC-[Ta]8.

can also be observed. However, a bimodal micropore distri-
bution was obtained for PILC-[Ta]8. Indeed the maximum
at 4.2 Å disappears and the 5.3 Å shoulder is better differ-
entiated.

Infrared Studies

The FTIR spectra analyses have been divided into two
ranges: 2500–4000 and 400–1300 cm−1.

The FTIR spectra in the interval between 2500 and
4000 cm−1 are shown in Fig. 9. Two bands are observed in
this region. The first, a very sharp symmetrical absorption
band, corresponds to Al3+- or Mg2+-bonded OH structural
groups. This vibrational mode is detected at 3635 cm−1 for
Na-montmorillonite (22–24). For Ta-PILCs, the wavenum-
ber at which the maximum of this band appears shifts from
3635 to 3660 cm−1. The maximum position of this band
as well as its intensity remains constant for all Ta-PILCs
analyzed.

The second band, at lower absorption frequencies (be-
tween 3400 and 3600 cm−1), is much larger and nonsym-
metrical. The intensity of this band increases with the ini-
tial tantalum content in the samples analyzed. Because of
the preparation method of these pellets (dried under vac-
uum at 150◦C) and the absence of the water deformation
mode at 1635 cm−1, this second band cannot correspond to
H-bonded water molecules on the surface. Therefore, this
band can be assigned to the vibrational modes of the OH-
group on the amorphous tantalum oxide surface.

In the region between 2800 and 3000 cm−1 the Ta-PILCs
exhibit an absorption triplet (2962, 2915, and 2862 cm−1)
which can be associated with the stretching mode of the
CH bonds in the ethoxy ligands (25).

The FTIR spectra of this series of Ta-PILCs in the re-
gion between 400 and 1300 cm−1 are displayed in Fig. 10.
In the range 800 to 1200 cm−1, the spectra of Ta-PILCs
are very similar to that of Na-montmorillonite. The Si–O
and Si–O–Si stretching modes and the Al3+- and Mg2 + -
bonded OH group deformation modes are observed in this
range. The M–OH and Si–O deformation modes as well
as the Si–O–Al stretching mode appear in the region be-
tween 400 and 800 cm−1. The vibrational modes observed
in this region for PILC-[Ta]1 and PILC-[Ta]3 correspond
to those of pure Na-montmorillonite. The Ta-PILCs with
a tantalum content higher than that of PILC-[Ta]3 show,
in addition to the characteristic vibrational modes of Na-
montmorillonite, a large band at 654 cm−1 which can be
associated with the Ta–O bond stretching mode (26, 27).
This band is hardly visible for PILC-[Ta]5 but its intensity
increases with the tantalum content of the samples (PILC-
[Ta]6 < PILC-[Ta]8).

In the region 400 to 800 cm−1, the FTIR spectra of
Ta-PILCs show a great decrease in the intensity of Si–O–Al
stretching and Si–O deformation modes with the tantalum
content. This phenomenon can be related to the decrease in
clay content per gram of PILC when the tantalum content
increases.

X-Ray Photoelectron Spectroscopy

XPS is a technique for analyzing the outermost layers of
the solids (about 30 Å on average). XPS allows one to obtain

FIG. 9. FTIR spectra in the interval between 2500 and 4000 cm−1 for
PILC-[Ta]1, PILC-[Ta]3, PILC-[Ta]5, PILC-[Ta]6, and PILC-[Ta]8.
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FIG. 10. FTIR spectra in the interval between 400 and 1300 cm−1.
(a) PILC-[Ta]1, (b) PILC-[Ta]3, (c) PILC-[Ta]5, (d) PILC-[Ta]6, and
(e) PILC-[Ta]8.

information on the chemical environment of the different
elements within the clay crystalline network (28). However,
as a result of the montmorillonite structure, which consist of
9.6-Å-thick sheets, for the Ta-PILC this technique will also
provide information concerning the pillars in the interlayer
space.

The O 1s, Si 2p, Al 2p, and Ta 4d5/2 core electron binding
energies (eV) for Ta-PILCs and for Na-montmorillonite are
summarized in Table 4.

In the literature, the method most widely used to make
the binding energy scale correction is by fixing the binding

TABLE 4

Core Electron Binding Energies (eV) for Ta-PILCs
and Sodium-Montmorillonite

Samples Si 2p Al 2p O 1s Ta 4d5/2 Ta2O5/SiO2 Al2O3/SiO2

Na-mont. 102.7 74.7 531.9 0.35
Ta2O5 532.3 230.2

530.8
PILC-[Ta]4 102.5 74.5 531.7 230.2 0.47 0.37

530.4
PILC-[Ta]5 102.5 74.5 531.8 230.2 0.59 0.36

530.4
PILC-[Ta]6 102.4 74.4 531.7 230.2 0.60 0.37

530.4
PILC-[Ta]7 102.4 74.4 531.6 230.1 0.69 0.37

530.4

energy of the miscellaneous carbon of the samples (C 1s
peak) at 284.8 eV. When this method was used for the Ta-
PILCs the characteristic energies for the totality of the com-
ponents of the montmorillonite, as well as for the tantalum
oxide, shifted to higher binding energies.

This shift to higher binding energies for all the elements
can hardly be explained in any other way than by an erro-
neous energy reference. The importance of the reference
chosen for the charge correction has already been studied
by Remy et al. (29), who noted that the use of the mis-
cellaneous carbon as reference for analyzing the mordenite
led to abnormally high binding energies for all the elements.
This phenomenon was assigned to the charge difference ex-
isting between the zeolite network, where an electric field
is developed, and the miscellaneous carbon.

From then on, the scale taking as reference the miscella-
neous carbon C 1s line at 284.8 eV leads to erroneous bind-
ing energies. To solve this problem, an internal standard is
required. The Si 2s line fixed at 153.4 eV has already been
used as reference for the Na-montmorillonite provided by
Kuminine Industrial Co. (30). However, in this work, the
Mg Auger line has been chosen as reference. Indeed, the
magnesium in the montmorillonite octahedral layers will
not be as disturbed by the pillars as the silicon in the tetra-
hedral layers.

In agreement with the values found in the literature, the
binding energy taken for the main Mg Auger Kl23l23 line
was 306.0 eV.

Any meaningful variation cannot be observed be-
tween the Al 2p and the Si 2p line binding energies in
Na-montmorillonite or in Ta-PILC. In addition, the tan-
talum Ta 4d5/3 line in Ta-PILCs appears at exactly the same
position as in pure tantalum oxide (31). The tantalum ox-
ide was analyzed taking the C 1s line of the miscellaneous
carbon at 284.8 eV as reference.

In Ta-PILC, the O 1s band is asymmetric, and can be
deconvoluted into two components. The position of the
main component corresponds to that of the oxygen in
Na-montmorillonite. The second oxygen component ap-
pears with the intercalation of tantalum polyhydroxides and
its intensity increases with the tantalum content. The posi-
tion of this second oxygen component corresponds to the
oxygen in Ta–O–Ta type bond.

DISCUSSION

Texture Evolution and Thermal Stability: Influence of the
“mmoles of Tantalum per Gram of Clay” Ratio

XRD and nitrogen adsorption measurements allow the
estimation of the effectiveness of the intercalation process.
Indeed, the increment observed for the basal spacing and
the increase in microporous volume of the Ta-PILCs com-
pared to the initial Na-montmorillonite confirm that the
intercalation was successful.



      

458 GUIU ET AL.

The replacement of Na+ by tantalum polyhydroxides in
the interlayer space results in a large increase in the 2θ value
at which the d(001) line of the clay appears. As a result of
the intercalation process, the basal spacing of the montmo-
rillonite used in this work (12.4 Å at 120◦C) increases to
26–28 Å.

As can be seen in Fig. 1, for a given thermal treatment,
Ta-PILCs with a higher tantalum content present sharper
and more intense pillared clay diffraction peaks. In fact,
for PILC-[Ta]1, PILC-[Ta]2, and PILC-[Ta]3 the pillared
clay d(001) diffraction peak is weak and broad, whereas for
PILC-[Ta]6, PILC-[Ta]7, and PILC-[Ta]8 the d(001) peak
is sharp and intense, indicating a better homogeneity in the
spacing between the montmorillonite sheets.

The intercalation of tantalum polyhydroxides between
the montmorillonite sheets results in the development of a
microporous structure which is maintained even after ther-
mal treatment at 500◦C. The introduction of tantalum pillars
in the interlayer space keeps the montmorillonite sheets at
a certain distance. This system enlargement makes the in-
ternal surface area accessible to nitrogen adsorption.

The microporous surface area of the Ta-PILCs, calcined
at 500◦C, per gram of montmorillonite are displayed in
Fig. 11. This standardization has been carried out with the
help of the atomic absorption spectrophotometry data.

At 500◦C all samples, including those with weak and
broad pillar clay d(001) diffraction peaks, present a mi-
cropore surface area accessible to nitrogen adsorption. In
samples with a low tantalum content, the quantity of pil-
lars is insufficient to maintain the clays sheets apart to a
constant distance (32). As a result, the pillared clay d(001)
diffraction peak appears weak and broad, a sign of poor
homogeneity in the gaps between the sheets. The nitrogen
isotherms indicate that even when the space between the
clay sheets is not homogeneous, some internal surface area
is still accessible.

Regarding thermal stability, all Ta-PILC samples present
a similar behavior. After thermal treatment at 500◦C, all
the Ta-PILCs (PILC-[Ta]4–PILC-[Ta]8) present an inter-
layer distance of 24–26 Å. The pillar structure (XRD) of

FIG. 11. Microporous surface area of the Ta-PILCs per gram of mont-
morillonite.

Ta-PILCs seems to be maintained up to 600◦C (Fig. 1). How-
ever, at 700◦C, the temperature at which dehydroxylation of
the montmorillonite sheets occurs, PILC-[Ta]7 loses its pil-
lared structure (Fig. 3B). Therefore, this thermal instability
could be linked to the montmorillonite sheets rather than to
the tantalum oxide pillars (33). Indeed, as TGA and DTA
thermoanalyses show, the dehydroxylation of the montmo-
rillonite sheets in PILC-[Ta]PILC occurs at a temperature
lower than that in Na-montmorillonite. This phenomenon,
already observed for aluminum-pillared montmorillonites,
has been assigned to dehydroxylation of the pillars. Indeed,
with thermal treatment, the pillars dehydroxylate, releasing
protons. These protons can migrate through the montmo-
rillonite octahedral sites, inducing pillared structure insta-
bility (34, 35).

The XRD diffractograms show that the pillared clay
diffraction peak intensity increases with calcination temper-
ature. This phenomenon, unusual in Al-PILCs, has already
been observed for Ti-PILCs (36). For titanium-pillared
montmorillonites, this intensity increase is a result of the
introduction of pillars with different degrees of hydration
and hydroxylation into the clay.

After thermal treatment, the dehydrated or dehydroxy-
lated pillars from a well-defined metal oxide size giving rise
to uniform spacing of sheets. This assumption is supported
by the fact that the basal spacing in tantalum-pillared clays
dried at 120◦C decreases on an average by about 2 Å when
calcined at 500◦C.

The atomic adsorption spectrophotometry results show
the effective incorporation of tantalum into the clay and
confirm the cationic exchange of Na+ by the tantalum
species. The quantity of tantalum incorporated into the
montmorillonite initially increases with the tantalum con-
centration in the intercalation solution. But a saturation
plateau is observed at 4.7 mmol of tantalum introduced
per gram of clay. This montmorillonite saturation by tan-
talum polymeric cation is similar to the behavior already
described for Ti-PILC (37).

The PILC-[Ta]4, which is the first Ta-PILC to reach the
saturation stage, is also the first sample to show a well-
resolved pillared clay d(001) diffraction peak.

Nature of the Precursor of the Pillar

On the basis of the bibliographical data concerning tanta-
lum alkoxide hydrolysis and condensation, and taking into
account the experimental results obtained for Ta-PILCs
(d(001), specific surface area, millimoles of tantalum re-
tained per gram of clay), a structure for the precursor
molecule of the tantalum pillars has been proposed.

The first studies carried out on the hydrolysis and con-
densation of niobium and tantalum alkoxides, which are
considered metals having almost identical behaviors, were
mainly developed by Bradley (38–40). These works show
that in tantalum alkoxide alcoholic solution the tantalum
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has an octahedral configuration. The tantalum ethoxide
in ethanol is a dimer where the two tantalum octahe-
dra are edge bonded. The hydrolysis of these dimers in
water or diluted alcohol results in its condensation, giv-
ing rise to M2(x + 1)O3x(OR)2(2x + 5) type polymeric species.
The condensation degree of the oligomers depends on
the hydrolysis degree. By increasing the hydrolysis degree
(x = ∞), insoluble hydrated tantalum oxide polymers are
created (41).

However, later studies have shown that the hydrolysis of
the transition metal alkoxides can, under certain conditions,
via a controlled alkoxolation reaction, lead to the forma-
tion of discrete molecules which can be isolated as simple
crystals. The existence of these discrete molecules has al-
ready been reported for zirconium, titanium, niobium, iron,
and chromium (5, 39, 42, 43). For niobium, the only isolated
and identified product is Nb8O10(OR)20. Its structure is dis-
played in Fig. 12. This complex possesses a structure made
up of eight octahedra, and is presented as being formed of
two M3O13 (three edge-bonded octahedra) groups, which
are linked together by two corner-bonded octahedra (44).
This molecule has been isolated after a controlled hydrol-
ysis of niobium pentaethoxide in ethanol under conditions
very similar to those used for the precursor synthesis of the
tantalum pillars (42, 45).

The complex obtained in this way has a rather spheri-
cal shape. The dimension of this complex estimated from
the structural data published by Bradley is 14.5–16.5 Å. The
estimated basal spacing that would result with the introduc-
tion of this complex between the montmorillonite sheets,
14.5–16.5 Å plus 9.6 Å for the montmorillonite sheet thick-
ness, fits well with the values obtained for Ta-PILCs.

The validity of the proposed molecule as a pillar of the
Ta-PILC structure has been confirmed by comparing the
micropore surface area developed by these solids with the
theoretical micropore surface area that the [Ta8O10(OR)20]
homogeneous arrangement in the interlayer space would
generate. According to the atomic absorption spectropho-
tometry results, a gram of montmorillonite fixes a maxi-

FIG. 12. Proposed structure for [Nb8O10(OR)20].

mum of about 4.5 mmol of [Ta]8 complex. To calculate the
theoretical surface, the [Ta8O7(OR)20] complex has been
considered a sphere of 15.0 Å diameter.

The interlayer space blocked by the pillars will be (46)

S[Ta]8 =
(

4.5 × 10−3

8

)
· NA ·π ·

(
15 × 10−10

2

)2

= 598 m2/g.

If the theoretical surface area developed by Na-mont-
morillonite is 700 m2/g, the theoretical interlayer surface
area remaining accessible would be

S(Ta-PILC)theor. = SNa+-mont. − S[Ta]8 = 700 − 598

= 102 m2/g of clay.

The theoretical value obtained is of the same order
as the microporous surface area calculated by nitrogen
adsorption.

The micropore size distribution curves show the exis-
tence of pores of 6.6 Å diameter within the Ta-PILC. There-
fore, there is a disagreement between the XRD analysis
showing a 15-Å separation between the montmorillonite
sheets, and the pore diameters calculated from the microp-
ore size distribution, 6.6 Å.

To understand the validity of these two techniques it is
necessary to note that, in pillared clays, the micropores are
characterized by two different dimensions (47): first, the
size of the pillars, and second, the distance between them.
Supposing a homogeneous arrangement of the pillars in
the interlayer space, the distance between pillars can be
calculated as

D =
√

102 × 10+20

4.5 × 10−3

8 · NA
= 5.5 Å.

Taking into account that neither the exact quantity of tan-
talum introduced into the interlayer space nor the precise
size of the pillars is known, this simple estimate provides
a good approximation and shows that the maximum mea-
sured by the micropore size distribution curves (6.6 Å) can
be assigned to the distance between the tantalum oxide
pillars.

The last calculations show a high density of pillars in the
interlayer space. This phenomenon can be understood sup-
posing a quite low charge average of pillars. Accordingly,
the cationic exchange will lead to a dense arrangement of
pillars.

Interaction between Tantalum Oxide and Montmorillonite

Under the intercalation conditions, small particles of
amorphous tantalum oxide have been synthesized. In fact,
transmission electron microscopy does not show isolated
tantalum oxide particles. This indicates that the tantalum is
incorporated in the clay matrix without forming aggregates
(50 nm).
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The dispersion of amorphous tantalum oxide within the
montmorillonite is confirmed by DTA curves. The temper-
ature at which the tantalum oxide crystallizes in the pil-
lared clays is 870◦C. Under the same thermal treatment, the
nondispersed tantalum oxide crystallizes at 760◦C. These
curves show that, as a result of the amorphous tanta-
lum oxide dispersion, the temperature at which the tan-
talum oxide crystallizes in Ta-PILCs is delayed by 100◦C.
These observations agree with the X-ray diffractograms car-
ried out after thermal treatment of Ta-PILCs at 700 and
900◦C. A similar crystallization delay has already been ob-
served for Zr-PILC (32, 48).

The Ta-PILCs with lower tantalum contents (samples
PILC-[Ta]1, PILC-[Ta]2, and PILC-[Ta]3) do not present,
for the temperature interval studied (up to 1000◦C), any
tantalum oxide crystallization exothermic peak. In samples
with a lower tantalum content, the dispersion of tantalum
oxide within the montmorillonite layers prevents tan-
talum oxide crystallization. The amorphous structure of
tantalum oxide could be stabilized by the interaction with
the montmorillonite layer.

As described above, a homogeneous spacing between the
montmorillonite layers is obtained for tantalum contents
higher than those used for PILC-[Ta]4. However, as shown
by XRD and TGA, this high tantalum content leads to eas-
ier sintering and crystallization of tantalum oxide.

In the region 500–900 cm−1 of the FTIR spectra, the su-
perposition of the clay structure vibration modes with the
broad band of the Ta–O vibration modes makes its interpre-
tation difficult. However, these FTIR spectra clearly show
that the characteristic bands of the Ta–O stretching modes
are mainly observed from the PILC-[Ta]4 sample.

The presence of pillars in the interlayer space is con-
firmed by the shift of the vibration band assigned to the
OH groups in the (Al, Mg–OH)octahedra bond. Indeed, com-
pared with Na-montmorillonite, the vibration frequency of
this band shifts to a higher value (cm−1) when the tantalum
oxide is incorporated within the clay. The shift of this vi-
bration band corresponding to the OH groups of the clay
octahedral sheets has already been correlated in the lit-
erature with the nature of cations located in the interlayer
space. Different phenomena can bring about this band shift:
(i) The hexagonal holes on the montmorillonite layers are
currently admitted as the place for the direct interaction
between the intercalated cation and the oxygen on the clay
surface. These holes allow the cation to approach the neg-
ative potential located in the octahedral sheets and, from
them, to interact with octahedral OH groups (49). (ii) The
(H+) cation migration toward the octahedral positions after
thermal treatment can also be at the origin of this shift due
to the change in the hydroxyl group orientation (50). (iii)
Thomas and co-workers (51), suggested that in PILCs the
condensation of the OH terminal groups of the polymeric
ions (pillars) with the OH groups of the clay octahedral

sheets can form a bond, which can also explain the shift of
the vibration band toward higher (cm−1) values.

However, the existence of mechanisms (ii) and (iii) in
Ta-PILCs would involve a sharp decrease in the intensity
of this band (50, 51), and such a decrease is not observed in
the FTIR spectra.

As shown by XPS analysis, the tantalum binding energy
in Ta-PILC corresponds to that of pure tantalum oxide (31).
This result indicates that, on average, the intercalated cation
is not greatly influenced by the negative charge of the mont-
morillonite layer. In the same way, the binding energies of
the montmorillonite constitutive elements are maintained
after intercalation. However, as bulk Ta/Al and Ta/Si ra-
tios, obtained by atomic absorption spectrophotometry, are
systematically larger than those obtained by XPS surface
analysis, it can be deduced that the tantalum is mainly dis-
tributed in the montmorillonite interlayer space (52).

Origin of the Macromesopores

The adsorption–desorption isotherms show that the
tantalum-pillared montmorillonite possesses, in addition
to the microporous structure, a meso- and a macroporous
structure. Moreover, the existence of a macromesoporous
structure was already observed in the initial nonpillared
Na-montmorillonite.

As the microporosity within the pillared clays is the result
of the intercalation of the pillars between the clay layers,
the macromesoporosity observed within the Ta-PILC can
be considered a result of the drying method used for its
synthesis.

Figure 13 displays the adsorption–desorption isotherms
for one Ta-PILC (PILC-[Ta]6 preparation) dried in its ori-
ented and nonoriented form. For the oriented sample, a
concentrated suspension of pillared clay has been deposited
onto large glass slides. The suspension has been allowed to
dry at room temperature for 2 days and finally dried at
120◦C. This method favored the sediment of the clay lay-
ers oriented horizontally. For the nonoriented sample, the
pillared clay was dried at room temperature without bring-
ing out any preferential orientation, namely as all the sam-
ples of the above-studied series.

FIG. 13. Nitrogen adsorption–desorption isotherms for a Ta-PILC
(PILC-[Ta]6) dried in its oriented and nonoriented forms.
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As can be seen in Fig. 13, the method used for drying the
Ta-PILCs influences the external surface area developed
by the clays. The external surface area is much less marked
in oriented pillared clays than in nonoriented ones. For ori-
ented samples, a type I adsorption isotherm with an H4
hysteresis loop, characteristic of pillared clay microporous
structure, is found.

It is interesting to note that the microporosities devel-
oped for the two samples are almost identical. In fact, the
αS-plot curves show that the microporous surface area (ap-
proximately 110 m2/g) is almost identical for both of them,
whereas the external surface area ranges from 65 to 19 m2/g
for the nonoriented and the oriented samples, respectively.

The microporosity in PILCs is essentially correlated
with interlayer galleries. The association of layers of pil-
lared clays leads to the formation of elementary particles:
tactoı̈des. Within the tactoı̈des, the mesoporosity can be
produced by the holes generated between the layer breaks.
The irregular pile of tactoı̈des can bring about some macro-
and mesoporosity. Among the mesoporous, these angle-
shaped particles cannot produce a hysteresis loop since in
this type of pores the adsorption–desorption process is iden-
tical (53).

The method chosen for drying influences the arrange-
ment of the aggregates of the pillared clays. Oriented
drying reduces the free spaces between aggregates. Non-
oriented drying increases the layers disorder and the meso-
macropores present in the solid are more numerous. The
pillared clay microporous structure is formed during the
clay suspension intercalation and it is not essentially altered
by the choice of the drying method.

Influence of the Atomic Weight of Tantalum upon
the Ta-PILC Specific Surface Areas

The specific surface areas developed by the tantalum-
pillared clays are appreciably lower than the characteristic
surface areas (m2/g) of the most often studied pillared clays:
Al-, Zr-, and Ti-PILC (54). This can, in part, be explained
by the high atomic weight of the tantalum. Indeed, whereas
aluminum, titanium, and zirconium possess atomic weights
in the range between 27 and 91.2 g, the atomic weight of
tantalum is 181 g.

As a result, the intercalation of 4 mmol of metal per
gram of clay represents 0.16 and 0.08 g of titanium and alu-
minum per gram of Ti- and AL-PILC, respectively. How-
ever, for Ta-PILC, this ratio is 0.42 g of tantalum per gram of
Ta-PILC. This means that for the same pillar density a gram
of tantalum-pillared montmorillonite contains much less
clay than a gram of aluminum- or titanium-pillared mont-
morillonite. From then on, the micropore surface area and
the micropore volume per gram of pillared clay will be sys-
tematically lower for Ta-PILC than for its homologous Ti-
or Al-PILC.

CONCLUSIONS

The controlled hydrolysis of the tantalum ethoxide
Ta(OC2H5)5 in alcoholic solution has allowed us to set up
an effective method for the synthesis of a new family of
pillared clays: Ta-PILCs.

The initial advantage of this method, compared with the
synthesis of Ta-PILCs from tantalum clusters (Ta6Cl12)2+

described by Christiano et al., is its simplicity. Indeed, this
new intercalation method does not require preliminary syn-
thesis of the pillar precursor. This will greatly simplify cata-
lyst synthesis.

In addition, contrary to the pillared clays synthesized
from tantalum clusters, this new Ta-PILC family presents
very interesting physicochemical properties, namely a high
thermal stability (the pillared structure is preserved even
after calcination at 600◦C) and the basal spacing, 26 Å
at 500◦C, is one of the greater values described in the
literature.

The effective incorporation of tantalum within the clay,
by the cationic exchange of Na+ by tantalum species, is con-
firmed by the atomic absorption spectrophotometry mea-
surements carried out upon the pillared clays.

Moreover, the development within the Ta-PILC of a
microporous structure, characteristic of pillared clays, has
been confirmed by textural analysis (nitrogen adsorp-
tion/desorption isotherms, αS-plot curves, and nitrogen ad-
sorption isotherms at very low pressures). Additional ev-
idence of the effective incorporation of the tantalum is:
(i) the microanalyses carried out by TEM, where tantalum
oxide aggregates cannot be detected, and (ii) the delay in
the Ta2O5 crystallization process observed by XRD and
DTA in Ta-PILCs compared to pure tantalum oxide.

The quantity of tantalum used in the intercalation
process seems to have very important repercussions upon
the texture of the resulting Ta-PILC. A minimal quantity of
tantalum is necessary for obtaining Ta-PILCs characterized
by a sharp and intense pillared clay d(001) peak, a sign of
good homogeneity in the gap between the montmorillonite
sheets. The accessibility to the internal structure of the
Ta-PILC seems to increase with the initial quantity of
tantalum.

On the basis of bibliographical data concerning hydroly-
sis and condensation of tantalum alkoxides, and taking into
account the experimental results obtained for this series of
Ta-PILCs, a structure type [Ta8O10(OR)20], R = H, C2H5,
has been proposed as the precursor molecule of the tanta-
lum pillars.
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