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Abstract

X-ray photoelectron spectroscopy was used to establish the relative concentration and the chemical environment of
modifying species in a series of vermiculites pillared with mixed precursors of Al-Zr, Al-Hf and Al-Ce. The binding
energies observed provided evidence that zirconium and hafnium are most likely found as Zr-O(H)- and/or Zr-Si-
and HfO,, displaying a larger dispersion on the vermiculite surface compared with cerium species (Ce,0,), which
are mainly found inside clay aggregates. On the one hand, the chemical analysis showed that with Al-Hf and Al-Zr
solutions, the introduction of hafnium and zirconium was complete within the range of 0.5 - 2 mmol g* of clay,
but the efficiency was reduced with larger quantities. On the other hand, the introduction of cerium in the Al-Ce
solutions can be considered to be complete within the range assessed.
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Caracterizacion de vermiculitas pilarizadas con Al-Zr, Al-Hf y Al-Ce por espectroscopia de fotoelectrones
emitidos por rayos-X

Resumen

Se utiliz6 la espectroscopia de fotoelectrones emitidos por rayos-X para establecer la concentracion relativa y el
ambiente quimico de las especies introducidas en una serie de vermiculitas pilarizadas con precursores mixtos de Al-
Zr, Al-Hf y Al-Ce. Las energias de enlace observadas evidenciaron que es mas probable encontrar zirconio y hafnio
como Zr-O(H) - 0 Zr-Si-y HfO,, y que estos exhiben, ademas, una mayor dispersion en la superficie de la vermiculita
en comparacion con las especies de cerio (Ce,0,), las cuales se encuentran principalmente en el interior de las
laminas de arcilla. Por un lado, el analisis quimico mostr6 que con las soluciones de Al-Hf y Al-Zr, la introduccion
de hafnio y de zirconio era completa dentro del rango de 0,5 a 2 mmol g* de arcilla, pero que la eficacia se reducia
con cantidades mas grandes. Por otro lado, la introduccién de cerio en las soluciones de Al-Ce pudo considerarse
completa dentro del rango evaluado.

Palabras clave: vermiculita pilarizada, zirconio, hafnio, cerio, XPS.

Introduction

Research carried out in the past few years regarding the
pillaring of clay minerals with high interlayer charge has
special interest in the study of new processes that allow for the
control of physical-chemical properties, with an emphasis on
the development of the acidity in these materials (Vicente, et
al., 2013; del Rey-Pérez-Caballero & Poncelet, 2000a; del
Rey-Pérez-Caballero & Poncelet, 2000b; del Rey-Pérez-
Caballero, et al., 2000c; Jiménez, et al., 2005; Cristiano, et
al., 2005). A characteristic feature of these materials is their
efficiency as catalysts in proton-catalyzed reactions, as they
possess a large number of substitutions in the tetrahedral sheet
(Si-OH-AI bonds) (del Rey-Pérez-Caballero & Poncelet,
2000; del Rey-Pérez-Caballero & Poncelet, 2000b; del

Rey-Pérez-Caballero, et al., 2000; Jiménez, et al., 2005;
Cristiano, etal., 2005; Chimielarz, etal., 2007; Hernandez,
et al., 2007; Hernandez, et al., 2008; Campos, et al., 2007).

In this sense, vermiculite is an attractive clay, with a large
number of these substitutions as well as a high thermal
stability (Suvorov & Skurikhin, 2003; Campos, etal., 2008;
Purceno, et al., 2012). In fact, the acidic properties expected
from pillared vermiculites have been highlighted due to their
great activity and selectivity in reactions such as octane (del
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Rey-Pérez-Rodriguez, et al., 2000c), heptane (Cristiano,
et al., 2005) and decane hydroconversion (Campos, et al.,
2007; Suvorov & Skurikhin, 2003; Campos, et al., 2008;
Campos, et al., 2008b).

The pillaring of mixed systems of metal cations has proven
to be a very useful process to increase and enhance the acidic
properties in vermiculites. Aluminum is usually employed
as the main cation, as it is expected that two of its main
characteristics, i.e., its thermal stability and total acidity, will
be enhanced through the addition of small molar fractions
of a second cation due to the increase in active sites in some
types of mixed oxides (Valaskova, et al., 2013; Trombetta,
et al., 2000). The characteristics of cations that may cause
an increase in acidity are based on some elementary aspects
of their chemistry in aqueous solution (Jolivet, et al., 1994),
which may result in an important increase of the acidity in
the final oxide (Tanabe, et al., 1989). Through this approach,
vermiculites pillared with aluminum (del Rey-Pérez-
Caballero & Poncelet, 2000; del Rey-Pérez-Caballero &
Poncelet, 2000b; del Rey-Pérez-Caballero, et al., 2000;
Jiménez, et al., 2005; Cristiano, et al., 2005; Chimielarz,
et al., 2007; Hernandez, et al., 2007; Hernandez, et al.,
2008), with Al-Zr (Cristiano, et al., 2005; Campos, et al.,
2008) and with Al-Ce (Campos, et al., 2007; Campos, et
al., 2008) have been reported. The modifications carried out
have evidenced that the addition of strong acid cations to the
aluminum polymer solution significantly promotes the acidic
properties of materials compared with the simple aluminum
systems (Cristiano, et al., 2005; Campos, et al., 2008).
However, the studies on the behavior of pillaring species in
vermiculites do not provide details about the chemical state
and the environment of these species either on the outer
surface or between the layers of clay minerals.

In this sense, X-ray photoelectron spectroscopy (XPS) is
an ideal characterization technique. Given that electrons
originate from a depth between 1 and 10 nm (Weckhuysen,
et al., 2000), XPS is appropriate to study structural ions on
clay 2:1, even for species located in the interlayer region
(He, et al., 2007; Pandolfi, et al., 2008). In fact, the analysis
on the clay surface may be extended to the structural
analysis because of the thickness of the layers comprising
these solids (Gier & Jhons, 2000). This extension has been
confirmed by several studies regarding the depth of analysis
on these materials (Cool, et al., 1997; Jhons & Gier, 2001),
and results have shown a good correlation with elemental
chemical analysis. However, differences approaching 10%
in the relative concentration of the ions making up the layers
have also been reported with respect to mass content, while
the difference in the relative concentration of interlayer ions
oscillated between 20 and 30% (Gonzélez, et al., 1988).
These differences have been associated with XPS surface
sensitivity and with factors such as the density of the
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sample and its morphology (Jhons & Gier, 2001). Hence, a
discussion about the structural properties is possible only if
the composition of the most external layers is representative
of its mass composition.

In this context, the present study assessed the composition,
distribution and chemical state of the modifying species in
vermiculite pillared with Al-M solutions, where M corre-
sponds to an acidic metal (M= zirconium - Zr, cerium —Ce, and
hafnium -Hf) added to the aluminum pillaring solution. X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
X-ray fluorescence (XRF), inductive plasma spectrometry
emission (ICPS) and adsorption of nitrogen were used as
characterization techniques.

Experimental process
Materials

The starting vermiculite (labeled V) corresponded to a clay
mineral with a high laminar charge from the Santa Marta
region in Colombia:

[(Si3.04A|0.92Ti0.04)(A|0.11Feg+0.35 Fe2+0.07Mgz.41Mn
Ca,, K, sNa,

0.21° 70.05

)0,,(OH),]

0.003

Modifications were made to the fraction with a particle
size less than 150 pm, which was separated from the raw
vermiculite through sieving, with no prior purification, and
had a cationic exchange capacity of 1.10 meq g* (Campos,
et al., 2009).

Charge reduction treatment

Natural vermiculite was submitted to hydrothermal treatment,
aiming its charge reduction at 400 °C under a partial water
vapor pressure of 75% in nitrogen, according to conditions
established previously (Cristiano, et al., 2005). This solid
was used as a starting material in the synthesis and labeled
as H400V75.

With the purpose of achieving more efficiency during the
process of inserting the pillaring species within the clay
layers, H400V75 was then homoionized with sodium by
adding a 3 M sodium chloride solution to a suspension of the
solid at 5% p/v under constant magnetic stirring for one hour
at 80°C. Finally, the clays were washed with distilled water
and dried in air at 60°C.

Modification with Al-Zr, Al-Hf and Al-Ce

The polymeric solutions of Al-M (where M=Zr, Hf or Ce)
were prepared to supply 12 mmol of Al+M per gram of clay
(del Rey-Pérez-Caballero & Poncelet, 2000a). A 0.1 M
solution of M was slowly added to a 0.1 M solution of AICI,
(Aldrich, anhydrous, powder, 99.999%) for the addition of
Zr or Hf, or AI(NO,), (Aldrich, ACS reagent, >98%) for the
addition of Ce, starting from aqueous solutions of ZrOCl,
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(Sigma-Aldrich reagent grade, 98%), HfCI, (Aldrich, 98%) or
Ce(NO,), (Aldrich, 99.99% trace metals basis), respectively,
under constant magnetic stirring at room temperature.

When the temperature of the Al-M solution increased to
60°C, a 0.2 M solution of NaOH (Sigmma-Aldrich >98%
pellets (anhydrous)) was added in a drip under vigorous
stirring using the necessary volume to attain a molar ratio
OH/(AI+M) of 2. At the end of the addition, the solution
remained at the same temperature for 2 h. The pH of the
solutions was 3.5-4.

After aging the pillaring solution for 36 h at room tem-
perature, we slowly added it to a clay suspension (2% wt)
with constant stirring. During the exchange the temperature
was 80°C, preserved for an additional 4 h after the end of the
addition. The final clay suspension was aged for 12 h at room
temperature. Afterward, excess salt was removed by rinsing
with distilled water. Finally, the materials were dried at 60°C
and calcinated at 400°C (5°C min) for 2 h in air.

The metal ratios were selected according to the optimal
value of 12 mmol of metal/g of clay for the pillaring of
vermiculite through aluminum (del Rey-Pérez-Caballero
& Poncelet, 2000a) making sure that the concentration of
the second metal was not too high to prevent changes in
the optimal conditions for the formation of the Al polymer
(Bottero, et al., 1980).

The materials were labeled with the name of the second
metal added to the aluminum polymeric solution, followed
by the amount added (0.5, 1, 1.5, 2 and 4 mmol). Thus,
Zr0.5 corresponds to vermiculite modified with an Al-Zr
solution containing 11.5 mmol of Al and 0.5 mmol of Zr
per gram of clay.

Characterization

X-ray diffraction (XRD) spectra of powder samples was
measured on a Phillips PW1710 spectrometer with copper
anticathode. Nitrogen adsorption isotherms were taken at
77K in a Micrometrics Tristar 3000 instrument on samples
previously outgassed at 200°C for 6 h.

XPS analyses were performed on a Kratos Axis Ultra spec-
trometer (Kratos Analytical — Manchester — UK) equipped
with a monochromatized aluminum X-ray source (powered
at 10 mA and 15 kV) and an eight channeltrons detector.
The sample powders were pressed into small stainless steel
troughs mounted on a multi-specimen holder. The pressure
in the analysis chamber was approximately 10 Pa. The
angle (0) between the normal to the sample surface and the
direction of photoelectrons collection was approximately 0°.
The pass energy of the hemispherical analyzer was set at 160
eV for the wide scan and 40 eV for narrow scans. In the latter
conditions, the full width at half maximum (FWHM) of the
Ag3d,, peak of a standard silver sample was approximately
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0.9 eV. The hybrid lens magnification mode was used with
the slot aperture and the iris drive set at 0.5” resulting in an
analyzed area of 700 um x 300 um. Charge stabilization was
achieved using the manufacturer’s device. The following
sequence of spectra was recorded: Survey spectrum, Cls,
Ols, Mg2s, Si2p, Al2p, Fe2p, Cls, and Zr3d or Hf4f or
Ce3d. Finally, C1s was performed again to check for charge
stability as a function of time and the absence of degradation
of the sample during the analyses. The C-(C, H) component
of the Cls peak of carbon was fixed to 284.8 eV to set the
binding energy scale.

Molar fractions (%) were calculated using peak areas nor-
malized on the basis of acquisition parameters after a linear
background subtraction, experimental sensitivity factors
(Wagner, 1990) and transmission function provided by
the manufacturer.

Elemental analysis of both the starting mineral and Zr was
performed by means of X-ray fluorescence (XRF) using the
Philips FRX 2400 equipment. The Hf and Ce contents were
determined by ICP spectroscopy.

Results and discussion

The XRD results, surface area (S,.,) and microporous
volume (V, . ) are summarized in Table 1. In general, all
solids showed a substantial change with respect to the
starting vermiculite H400V75, highlighting the successful
pillaring procedure.

Table 1. Characterization of pillared vermiculites and the starting
vermiculite (H400V75)

Sample d(gy) (NM) Sger (M) V yiero (€M/Q)
Zr 0.5 1.8 104 0.040
Zrl 18 127 0.049
Zrl5 1.8 117 0.043
Zr2 18 100 0.040
Zr4 1.4 91 0.032
Hf 0.5 1.8 81 0.032
Hf 1 1.8 100 0.040
Hf 1.5 1.8 92 0.036
Hf 2 1.8 105 0.041
Hf 4 14 71 0.029
Ce 0.5 1.4-1.8 80 0.033
Cel 14-1.8 91 0.038
Cel5 1.4-1.8 80 0.033
Ce?2 1.4-1.8 79 0.033
Ced 15 27 0.010
\Y 14 7 0.001
H400V75 14 44.6 0.016
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The XRD analysis of modified clays revealed the introduction
of the metal polyhydroxocation and the resulting formation
of oxides or oxyhydroxides due to the cations employed in
the interlayer spacing of the material. The shifting of d001
basal spacing from 1.38 nm (H400V75) to 1.78-1.82 nm
confirmed the modification via pillaring.

The values of the surface area agreed with the results of the
X-ray diffraction revealing an increase of the BET areas,
which evidenced the successful pillaring of the clay and the
consequent formation of microporous structures.

While the best characteristics corresponded to the series
modified with Zr, they were less pronounced for the series
modified with Ce. For example, the clay modified with 4
mmol of Ce (Ced) presented a considerable reduction in
surface area with respect to other solids of the same series, as
well as a low micropore volume, thus explaining the absence
of a characteristic pillar signal in the XRD.

When the addition of the second cation for the series of
Al-Zr and Al-Hf amounted to 4 mmol g* of clay, a notable
reduction in surface area and micropore volume were also
observed, although not as marked as in the case of Ce4. Such
behavior may be related to the distortion of the polymeric
structure of aluminum pillars, as it has been previously
observed (Bottero, et al., 1980), leading to the generation
of oligomers of smaller size, and/or to the generation of
aggregates that may obstruct the porosity generated during
the modification.

Al-Zr vermiculites

The results of elemental characterization by means of the
XPS technique in vermiculites pillared with Al-Zr solutions
are shown in Table 2. The five solids assessed did not show
significant variations in the binding energy (BE) of the Zr3d,,,
peak, which indicates that the same type of exchanged Zr
species was obtained independently from the metal content.

Likewise, our results suggest the existence of interactions
between the metal and the mineral. To elucidate the type of
species and interaction, BE variations of the clay mineral
must be taken into account before (H400V75) and after
its modification with Al-Zr solutions and/or the formation
of species such as Zr-Ox-, Zr-Si- and/or Zr-Al. As shown
in Table 2, differences in the mineral before and after its
modification were not very significant except for Ols and
Si2p binding energy, which was ~0.4 to 0.8 eV lower in Zr
samples. The discrepancy was slightly greater with the lower
content of Zr (Zr0.5). These significant differences of BE
suggest changes in the chemical surroundings of O and Si
from vermiculite layers caused by the insertion of the Al-
Zr pillaring species. In five of the clays assessed, the Zr3d,,
peak of the Zr3d doublet was at 182.8 eV (Figure 1A).
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Table 2. Binding energies (BE in eV) for several elements in pillared
vermiculites and starting material (H400V75)

Sample Ols Si2p Al2p Fe2p,, Mg2s M2
H400V75 5323 103.1 745 712.5 89.3
Zr0.5 531.5 102.3 74.5 712.1 88.8 182.7
Zrl 531.8 102.7 74.6 712.2 89.0 182.8
Zr15 531.9 102.6 74.7 711.9 89.1 182.8
Zr2 531.6 102.6 745 712.4 88.8 182.8
Zr4 531.6 1025 744 712.0 88.9 182.8
Hf0.5 531.7 102.6 74.6 711.6 88.6 17.5
Hf1 531.8 1025 7438 712.0 88.9 17.5
Hf1.5 531.6 102.6 74.6 711.6 89.0 17.4
Hf2 531.8 102.7 746 712.2 88.9 17.5
Hf4 531.5 102.6 74.4 711.7 89.0 17.5
Ce0.5 5319 102.7 7438 712.2 88.9 bdl
Cel 531.8 1025 74.6 712.1 88.9 bdl
Cel5 531.8 1028 747 7124 88.7 bdl
Ce2 531.8 1025 74.6 712.2 88.8 bdl
Ced 5317 1025 742 711.8 89.0 886.3
*M=2r3d,, Hf4f ,orCe3d,
bdl: Below detection limit
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Figure 1. XPS (A) Zr-3d and (B) Hf-4f doublets recorded for
vermiculite modified with Al-Zr and Al-Hf solutions

As regards the AlZrO -type materials, binding energies of
182.6 eV and 182.7-183.1 eV have been reported for the
Zr3d,,, signal (Damyanova, et al., 2003). However, such
values should be supported by variations in the Al2p BE
in modified vermiculites as compared to H400V75, which
were not observed in this case. The 0.8 eV difference in the
binding energy of the Zr found in the modified vermiculite
compared with pure ZrO, (182.0 eV) (Awate, et al., 2004)
should be related to the formation of Zr(IV) species bound to
more electron attractive species, which brings about a larger
binding energy shift (Younes, et al., 2003).
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Among the different possibilities, one is the presence of
hydrogen associated with oxygen, as has been reported for
Zr pillared montmorillonites, in which the formation of Zr-
associated OH groups was suggested, with a binding energy
of 182.8 eV for Zr3d,, (Awate, et al., 2004). Another
possibility is the presence of silicon, as the BE value for Zr
(182.8 eV) was similar to the one reported for zirconium
oxides supported on silica (Fuentes, et al., 2006), which
indicates that the interaction of Zr on the silica surface may
induce a shift in the binding energy of up to 182.9 eV.

In contrast, an increase in Al and Zr concentrations after the
modifications made to the vermiculite was evident (Table
3). The introduction of aluminum in the vermiculites clearly
induced a drastic reduction of the Si/Al ratio (between
1.7 and 2.1) compared to that observed in H400V75 (3.9)
(Table 3).

Zr content as indicated by XPS and XRF (Table 3) did not
exhibit a linear tendency with respect to the amount added to
the pillaring solution. However, the introduction of a second
metal to the pillared solid may be considered complete
within the range of 0.5 - 2 mmol g* of clay, while with larger

Table 3. Surface XPS values (molar fractions in %) and metal
content for pillared vermiculites

M2 (%) M (%) Ratio Ratio Ratio
Sample
XPS Bulk®  XPS/Bulk Si/Al° M/Sid

H400V75 - - - 3.9
Zr0.5 1.6 0.19 8.3 1.7 0.1
Zrl 2.2 0.25 8.9 1.8 0.2
Zr15 1.9 0.20 9.5 2.0 0.1
Zr2 2.7 0.23 11.8 2.0 0.2
Zr4 2.2 0.25 8.8 2.1 0.1
Hf 0.5 1.2 0.20 5.8 22 0.1
Hf 1 14 0.24 5.8 2.3 0.1
Hf 1.5 2.8 0.39 7.2 2.0 0.2
Hf 2 17 0.35 4.9 21 01
Hf 4 15 0.33 4.6 2.2 0.1
Ce 0.5 bdl 0.12 - 1,8 -
Cexl! bdl 0.16 - 2.0 -
Cel5 bdl 0.27 - 21 -
Ce2 bdl 0.29 1.9 -
Ce4 0.75 0.56 13 2.3 0.02

M= Zr, Hf or Ce

bdl: Below detection limit

® Total metal content: Zr by XRF, Hf and Ce by ICPS

¢d Element ratio (XPS)

() =% Efficiency on metal adding on vermiculite = % M assessed / %M in
solution x 100
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quantities (4 mmol g* of clay) the efficiency in the insertion,
as calculated from the XRF-measured Zr and the Zr added to
the pillaring solution, dropped to 69% (Table 3).

In the five synthesized solids, the relative Zr concentrations
measured by XPS were markedly higher than those meas-
ured by XRF (Table 3), which could be explained by the
preferential location of Zr outside the clay layers.

Al-Hf vermiculites

The five solids did not show any significant variation in the
binding energy of the Hf4f,  peak (Table 2), indicating that the
same type of Hf species is found in the clay, independently of
the metal content. The most significant differences between
the mineral before and after modification were registered in
O1s BE, and in Si2p peaks. A small shift of 0.3 to 0.9 eV
was observed in the Fe2p,, peak of the modified clays: 0.5
to 0.6 eV for the Ols peak and 0.5 to 0.6 eV for the Si2p
peak. Consequently, a change in the chemical surroundings
of these elements caused by the insertion of species of the
Al-Hf pillaring solution may have occurred.

The Hf4f,, peak (Figure 1B), at approximately 17.5 eV,
was attributed to interactions of Hf with elements other
than oxygen; for the HfO,, the Hf 4f,, peak is located at
approximately 16.8 eV (Yakamoto, et al., 2002). The for-
mation of HfSiO- was discarded because this would have
caused a shift of the Hf4f,, peak to a binding energy of
more than 1 eV as compared with that of HfO, (Renault,
et al., 2003; Deshpande, et al., 2006). In contrast, the for-
mation of HfAIO- species cannot be discarded because the
corresponding Hf4f,  peak has also been reported to be
approximately 17.5 eV (Lee, et al., 2003).

Al introduction in Hf-vermiculites is clearly indicated by the
drastic reduction of the Si/Al ratio (between 2.0-2.3, Table 3)
compared to H400V75 (3.9 in Table 3).

Regarding the quantities of Hf used in the synthesis, the
introduction of this element was complete in the range
between 0.5 and 2 mmol g? of clay, but in larger quantities
(4 mmol) the efficiency of the introduction was reduced to
45% compared with the initial nominal quantity. Although
there was no linear tendency with respect to the Hf added
and the one found in the solids, a linear increase was clearly
identified in catalysts Hf0.5 to Hf1.5, while for catalysts Hf2
and Hf4 the metal content was reduced in the bulk (Table 3).

Hf content was larger on the surface (XPS) than in the bulk
(ICPS), an the same was observed for Zr (Table 3), which
suggests the preferential presence of these elements outside
the clay layers.

Al-Ce vermiculites

As shown in Table 2, the most significant difference between
the starting mineral and the clays after modification concerned
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the BE of the Ols, Si2p and Mg2s peaks. In modified clays
those peaks were shifted to a lower BE than that of the
respective peak in H400V75: between 0.4 and 0.6 eV for
the O1s signal; between 0.3 and 0.6 eV for the Si2p signal,
and between 0.3 and 0.6 eV for the Mg2s signal. These
shifts suggested an eventual effect of cerium on the mineral
surface, but Ce was detectable only in the Ce4 sample and
not in the other samples. The Ce3d doublet overlapped with
the FeL,M, L, , Auger peak, which was situated between the
two peaks of the Ce3d doublet (Figure 2). The Ce4 sample
had the lowest iron concentration, which explains why the
Ce3d doublet, although overlapped with Fe Auger, could be
detected. However, the measured concentration of Ce may
have been overestimated due to the presence of this Fe Auger
peak. Consequently, compared to the two other metals Ce
cannot be quantified reliably from the Ce3d peak despite its
high cross section (Scofield, 1976).

The characteristic feature of the Ce3d spectrum of Ce* is
the existence of a high BE satellite at ~916 eV (Mamede,
et al., 2004; Hashimoto, et al., 1997), which is absent from
the Ce3d spectrum of Ce** (Hashimoto, et al., 1997). In
our case, the satellite was absent from the Ce3d spectrum
recorded for Ce4 (Figure 2), and, therefore, there was only
Ce* and no Ce*.

Regarding the total bulk concentration of Ce registered in
the ICPS (Table 3), a linear tendency was observed with
respect to the nominal quantity used in the synthesis within
the evaluated range. Given that the ICPS quantification of
Ce demonstrated its incorporation into the five modified

Fe Auger

Intensity (a.u.)

ik [ A I

Iy " |
el 1 "Wl 1

WP e 3d,, Ce 3d,,

LLLL RALLY LALES ALY LARLY LALE RERLI LALAI L

920 910 900 890 880
Binding energy (eV)

Figure 2. XPS Ce3d doublet recorded for vermiculite modified
with Al-Ce solutions: (a) Ce0.5, (b) Cel, (c) Cel.5, (d) Ce2, (e) Ce4
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Figure 3. Total metal content (M=Zr, Hf or Ce) assessed for pillared
vermiculites with Al-Zr (Zr), Al-Hf (Hf) and Al-Ce (Ce) solutions

solids (Figure 3), and that it could not be detected by XPS,
it may have been located inside the clay aggregates in
solids Ce0.5 to Ce2. Additionally, in Ce4, the Ce/Si ratio
(0.02) was very low compared to that in Zr4 and Hf4 (0.15
and 0.11, respectively), although Ce content in bulk was
larger, which indicates that Ce was present in the aluminum
polymer solution, but its interaction with the clay during the
modification process was different from that of Zr and Hf.

Such behavior of Ce in the vermiculites is similar to the
one previously reported in pillared montorillonites modi-
fied with mixed Ce-Zr (Mishra & Rao, 2003) and Ce-
Al species (Mishra & Rao, 2005), in which it has been
proposed that starting from the UV-VIS diffuse reflectance
analysis, the Ce®* ions were located preferentially in the
exchange sites of clays or that they were associated to the
pillaring generated micropores.

In contrast, our results showed that Zr and Hf most likely
precipitated as oxides on the outer surface of clay particles
because these ions precipitate at pH=1 while Ce** species
exist up to a pH=7 level (Jolivet, et al., 1994).

Conclusions

The total content of the metals added to the aluminum
solution for the pillaring process showed that the introduction
of Ce was complete in the range of 0.5 - 4 mmol g* of clay,
whereas for Hf and Zr, it was in the range of 0.5-2 mmol g*
of clay.

The peak binding energies of Zr3d.,, Hf4f,,, Ce3d.,
indicated that these metals were found as Zr**, Hf* and
Ce®*, respectively.

The low XPS signal observed in the Ce4-vermiculite and
the absence of the 3d signals in other clays modified with
Ce indicate that probably Ce is preferentially located in the
internal regions of clay aggregates. In contrast, our results
showed that Zr and Hf were preferentially located at the
outer surface of clay particles.
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