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Abstract Lanthanum-containing Y (LaY) zeolites were

prepared by ionic exchange from NaY parent zeolite. The

LaY zeolites were de-aluminated by steaming. De-alumi-

nated zeolites presented different Si/Al ratio. The

physicochemical properties of these catalysts were char-

acterized by X-ray diffraction, pyridine and xenon

adsorption, infrared spectroscopy and 29Si, 27Al, 129Xe,
139La solid-state nuclear magnetic resonance spectroscopy.

Furthermore, a fractal geometry approach was adopted to

describe the evolution in the texture as a consequence of

de-alumination. The catalytic properties of materials were

evaluated in the n-hexane cracking reaction. The catalyst

with the highest catalytic activity was the zeolite highest

de-aluminated (Si/Al ratio of 3.7). Such performance was

attributed on the one hand, to active extra-framework

aluminum species hosted in the large cavities of zeolites

and, on the other hand to redistribution of lanthanum

species into the zeolite as a consequence of de-alumination.

Keywords Porous � Zeolite � De-alumination �
Xenon NMR � Acidity � Fractal

1 Introduction

Zeolites, a large family of microporous materials find

applications in industrial and environmental fields, among

others [1, 2]. Zeolites have been mainly used as molecular

sieves, catalysts and catalyst supports. In this sense, they

attracted major attention when such materials were used as

highly active catalysts for various processes in the petroleum

industry. Zeolites find many other industrial applications.

For instance, Y type zeolites are used to catalyze reactions of

cracking and alquilation [3, 4]. The faujasite zeolites (X and

Y) framework consists of a three dimensional array of

(Si,Al)O4 tetrahedra. The basic unit of the structure is a

polyhedron containing 24 tetrahedra which is called sodalite

unit. These sodalite units are arranged in the same way as the

carbon atoms in the lattice of diamond. The cubooctahedra

are linked together by their hexagonal faces forming a hex-

agonal prism. These results in a series of wide, nearly

spherical cavities called supercages or large cavities [5]. The

catalytic performance of zeolites is mainly determined by

their physicochemical properties and porosity [6, 7]. Physi-

cochemical properties of zeolites can be modified by

isomorphic substitutions of T atoms (Si, Al) into backbone

aluminosilicate [8]. Such isomorphic substitutions are

reached when zeolites are submitted to hard treatments such

as fluorination and steaming, which are the main methods for

de-alumination of zeolites [9]. The steaming consists in a

thermal treatment of the zeolite in the presence of water

steam; however this treatment can modify the Si/Al ratio. It is

generally agreed that steaming promotes the removal of

framework aluminum from zeolite structure to form amor-

phous aluminum oxides [10]. De-alumination induces

modifications in the acidity as well as in the positions of the

exchangeable cations into zeolite because of non-rigid

character of such sites [11]. In order to characterize the
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variation in acidity or cation positions, probe molecules and

spectroscopy are highly suitable. Of course, these charac-

terizations focus on a better knowledge of the catalytic sites.

In the case of Y faujasite zeolite, xenon and pyridine are the

most useful molecules probing the location of cations and

acidity into the sites called large cavities, respectively [12,

13]. In this work we report the modification in structure,

porosity, acidity and catalytic properties of lanthanum con-

taining zeolites treated by steaming.

2 Experimental

2.1 Materials

Starting from a NaY zeolite, with a Si/Al ratio of 2.5,

provided by GRACE DAVISON, two lanthanum contain-

ing zeolites (LaY) were prepared through cationic

exchange in aqueous media. Then, de-aluminated zeolites

were obtained by heating LaY zeolites under saturated

water vapor. Typically, a de-alumination experiment was

carried out as follows: 2 g of La-containing Y zeolite were

placed in a tubular reactor where the sample was thermal

treated under N2 at 150 �C for 30 min. After that, the

temperature was increased with a heating-rate of 5�/min

until reached 800 �C; sample was maintained at this tem-

perature and under a water vapor flow of 0.1 mL/s for 5 h.

Two zeolites with different Si/Al ratio were obtained,

Table 1. Samples were referred as LaY(X) where X indi-

cates the La content (wt%).

2.2 Characterization

Catalysts were characterized by X-ray diffraction (XRD),

small angle X-ray scattering (SAXS), Fourier transformed

infrared spectroscopy (FTIR), pyridine and xenon adsorp-

tion, multinuclear (27Al, 29Si, 129Xe, 139La) solid-state

nuclear magnetic resonance spectroscopy (NMR) and
129Xe NMR in adsorbed phase.

XRD patterns were collected on a Siemens D-5,000

diffractometer using copper Ka radiation. From the XRD

patterns the cell parameters of various catalysts were cal-

culated (graphite was used as external reference).

SAXS experiments were performed using a Kratky

camera coupled to a copper anode X-ray tube whose Ka
radiation was selected with a nickel filter. The SAXS

intensity data, I(h), were collected with a linear propor-

tional counter. Then, they were processed with the ITP

program [14–18] where the scattering vector is defined as

h = 4psinh/k, where h and k are the scattering angle and

the X-ray wavelength, respectively. From the slope of the

curve Log I(h) versus Log (h), the fractal dimension of the

scattering objects was calculated [19].

For pyridine adsorption followed by FTIR, the catalyst

samples were pressed in self-supporting thin wafers, and

then activated at 200 �C, under vacuum; lastly the samples

are contacted with an amount of pyridine vapor. Both

‘clean sample’ reference spectra and IR spectra after pyr-

idine adsorption were collected at room temperature, as an

average of 60 runs with 2 cm-1 resolution.

Solid-state 27Al and 29Si NMR single excitation spectra

were performed at 78.3 and 59.59 MHz, respectively. 29Si

NMR spectra were acquired at 79.46 MHz on a Bruker

Avance 400 spectrometer by using the combined tech-

niques of magic angle spinning (MAS) and Proton Dipolar

Decoupling (HPDEC). Direct pulsed NMR excitation was

used throughout, employing 90� observing pulses (3 ls)

with a pulse repetition time of 38 s. Powdered samples

were packed in zirconia rotors. Spinning rate was 5 kHz.

Chemical shifts were referenced to TMS.
27Al MAS NMR spectra were acquired under MAS

conditions using an ASX 300 Bruker spectrometer with a

magnetic field strength of 7.05 T, corresponding to a 27Al

Larmor frequency of 78.3 MHz. Short single pulse (p/12)

were used. The samples were spun at 10 kHz, and the

chemical shifts were referenced to an aqueous 1 M AlCl3
solution. The 139La NMR spectra were obtained at

42.37 MHz using a t1-s-t3 spin echo sequence with com-

plex phase cycling [20, 21]. The associated p/2 pulse

length was 10 ls. The acquisition parameters were:

t1 = t3 = 2.5 ls. The chemical shifts were referenced to

an external standard of saturated aqueous lanthanum

Table 1 Lanthanum content, cristallinity, cell parameter and the molar Si/Al ratio of different catalysts after steaming. The Si/Al ratio of starting

zeolite was 2.5

Sample % La (wt) Cristalinitya (%) Cell parameterb a (Å) Si/Al molar ratio

29Si MAS NMR FTIR

LaY(3.0) 3.00 90 24.68 2.7 2.8

LaY(3.9) 3.90 85 24.50 3.7 4.0

a Graphite was the external reference
b As determined by XRD patterns
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chloride. At least 200,000 scans were performed in order to

have an acceptable signal/noise ratio.

Xenon gas (Praxair, 99.999%) was used for the 129Xe

NMR measurements. For these experiments, the sample

powder was placed in a NMR tube equipped with valves,

through which the xenon gas was equilibrated with the

sample at 291 K under different pressures. Previously to

xenon loading, samples were dehydrated by gradual heat-

ing up to 673 K in vacuum (1.33 9 10-4 kPa). 129Xe

NMR spectra were recorded at 291 K in a Bruker DMX-

500 spectrometer operating at 138.34 MHz. Single exci-

tation pulses were used and at least 1,000 scans were

collected with a delay time of 2 s. The chemical shift was

referenced to xenon gas extrapolated to zero pressure.

2.3 Catalytic Tests

The catalytic tests were performed in a microflow fixed-

bed reactor using 50–100 mg of catalyst. Prior to any

measurements, the catalysts were activated in situ under N2

at 873 K during 12 h. n-hexane was fed through a saturator

at 373 K. The reaction was carried out at 923 K and 1 atm.

The reaction products were analyzed chromatographically

using a Hewlett Packard 6,890 gas chromatograph.

3 Results and Discussion

Two zeolites containing different amount of lanthanum

were prepared, Table 1. These samples, after the steaming

treatment, turn to have different Si/Al molar ratio.

X-ray diffraction patterns, Fig. 1, did not show the

formation of new crystalline phases upon de-alumination.

The cell parameter was almost insensitive to de-alumina-

tion, only a very slight compression of zeolite unit cell was

detected when Si/Al ratio varies from 2.7 to 3.7, Table 1;

Of course a decreasing in the cristallinity was also detected

because of the amount of dislodged silicon [22]. Migration

of cations could occur [23] but detection of this feature is,

in general, beyond of the detection limits of XRD tech-

nique. On the other hand, the NMR results support that

short range modifications can be induced by the de-alu-

mination. For instance, the Fig. 2 shows differences

between the 29Si MAS NMR spectra of two zeolites with

different Si/Al ratio. It can be stated that zeolites are built

by Si(4Al), Si(3Al), Si(2Al), Si(1Al) and Si(0Al) units,

signals at -86, -92, -97, -102 and -108 ppm, respec-

tively [24]. Si(nAl) units build the zeolite framework,

where n is the number of aluminums bonded to tetrahedral

silicon (SiO4)4-. Furthermore, from relative intensities

(ISi(nAl)) in the corresponding spectra and under the

Lowenstein rule, which says that Al–O–Al bonds are for-

bidden, the Si/Al ratio (Table 1) was determined [25, 26],

according to:

Si

Al
¼

P4

n¼0

IsiðnAlÞ

P4

n¼0

0:25nIsiðnAlÞ

Note that, as a consequence of de-alumination it could be

expected the creation of a high amount of defects with

groups Si–OH and Al–OH. For instance, Si(OAl)n(OH)4-n

could be formed. In this context, resonances of this species

are expected to be very close to those Si(nAl).
27Al NMR spectra (Fig. 3) support further that typical

tetrahedral aluminum (signal close to 50 ppm) of zeolite

could leave the framework of zeolite. Thus extra-
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Fig. 1 X-ray powder diffraction patterns of sample LaY(3.9), before

(a) and after (b) de-alumination treatment
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(b)
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(a)

Fig. 2 29Si MAS NMR of LaY(3.0) and LaY(3.9) samples, a and b,

respectively. The dotted lines correspond to each individual contri-

bution and their sum is represented by the points. The solid line

represents the experimental spectrum
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framework aluminum species, containing octahedral alu-

minum (broad signal between 30 and -10 ppm), appear.

There is two possibilities to be located these extra-frame-

work aluminum species: the first one is into the zeolite

cavities [27] and the second one as a phase segregated at

external surface.

In this context, 129Xe NMR of xenon adsorbed in zeo-

lites is the best probe molecule that permits to elucidate the

presence of the extra-framework species in the large cav-

ities of zeolite. Due to the sizes of the xenon atom and large

cavities, xenon can only entry to the large cavity but not to

sodalite cages of faujasite zeolites. The 129Xe NMR spectra

of xenon adsorbed in lanthanum-containing zeolites, before

and after de-alumination, consisted of a single peak, Fig. 4.

A significant difference should be noted: the peak before

de-alumination is more asymmetric and broader than the

corresponding one after de-alumination. It is worth men-

tioning that before de-alumination, different lanthanum-

hydroxyl complexes can be stabilized inside the cavities. In

Fig. 5 the chemical shift of the 129Xe resonance is plotted

as a function of the xenon loading. It is observed that

de-aluminated zeolites exhibit higher chemical shifts than

the non de-aluminated ones.

According to previous works [13, 28] the chemical shift

of xenon in our samples can be expressed as follows:

d ¼ d0 þ dXe�W þ dXe�Xe

The observed chemical shift, d, includes contributions of

all interacting factors: d0 is the chemical shift of reference

and has been fixed to zero, dXe–W is the parameter due to

collisions between xenon atoms and zeolite walls, dXe–Xe is

caused by xenon–xenon collisions. This last term deter-

mines the value of d at high loading of xenon; in contrast,

at low xenon loading the interactions between xenon and

pore-wall are the main contributions to the chemical shift.

dXe–W value is expected to be different for aluminated and

de-aluminated because of the different nature of walls in

both zeolites.

From Fig. 5, the dXe–W increases with de-alumination,

suggesting thus that xenon atoms in cavities of the

de-aluminated zeolites senses a higher electron density that

the non de-aluminated one. In other words, the xenon

atoms in supercages of the de-aluminated LaY zeolite is

submitted to stronger interactions with wall of zeolite due

to decreasing of volume of the supercage and, conse-

quently, to the presence of extra-framework species. From

these results a conclusion emerges: extra-framework alu-

minum species are stabilized in the large cavities of the

zeolites. This feature implies that the size of large cavity is

modified. The value of dXe–W has been correlated as an

200 0100 -200-100

(b)**

Chemical Shift (ppm) 

* (a)

Fig. 3 27Al MAS NMR Spectrum of sample LaY(3.9), before (a) and

after (b) de-alumination treatment. *Indicates spinning side bands

200 150 100 -50
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Fig. 4 129Xe NMR spectra of sample LaY(3.9), before (a) and after

(b) de-alumination treatment. Samples were equilibrated under

0.2 atm of xenon gas. 5,000 scans were collected
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Fig. 5 Chemical shifts, d, of 129Xe NMR signals versus of xenon

atoms adsorbed per gram of zeolite. Data for LaY(3.9) sample, before

(–d–) and after (–�–) de-alumination treatment
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inverse function of the mean free path ( Lh i) for a Xe atom

within the pore. Such dependence has been pointed out

through the following empirical expression [29]:

dn!0 ¼ 243ð Þ 0:2054ð Þ= 0:2054þ Lh ið Þ

In the case of lanthanum-containing zeolites, the de-alu-

mination caused a variation in the mean free path of the

xenon, Table 2. Indeed, since the large cavities of faujasite

zeolites can be view as spheres, this estimated Lh i value

corresponds to a pore diameter of 14.9 Å for the LaY(3.0)

sample (before de-alumination) but this value decrease

almost 3 Å after de-alumination. Data included in Table 2

are easily interpreted: as a consequence of the hosting of

the extra-framework aluminum species there is a reduction

in the micropore size. Mean pore diameter in Table 2 is the

effective pore size that the Xe atom senses.

Up to this point results seem to show extraction of

aluminum from backbone of zeolites and the apparition of

extra-framework species stabilized into the free spaces.

Nevertheless, the extraction of aluminum implies that

connectivity of the lattice is modified. In this sense, many

phenomena in the real world are best modeled by geo-

metric structures that are much more irregular than

Euclidean geometry [30]. One of the most common

example is the Sierpinski gasket which is the connected

subset of the plane obtained from an equilateral triangle by

removing the open middle inscribed equilateral triangle of

1/4 the area, removing the corresponding open triangle

from each of the three constituent triangles, and continuing

this way [31]. In our case, zeolites are objects which are

surfaces that, of course, exist in a three dimensional world.

Fractal dimension is a valuable parameter to understand the

degree of imperfections in the zeolite lattice [32]. Note

that, the presence of extra-framework species in cavities

reduces the connectivity of the lattice, i.e. the ‘‘perfect’’

walls of cavities become ‘‘imperfect’’. Thus fractal

dimension of various samples were determined from SAXS

data, Fig. 6 and Table 3. Upon de-alumination, the fractal

dimension increases revealing that extra-framework spe-

cies reduce the connectivity of the lattice obstructing

cavities, in agreement with interpretation of 129Xe NMR

data. Indeed, if the chemical shift due to collisions between

xenon atoms and pore-wall (dXe–W) is plotted as a function

of fractal dimension, a linear trend is obtained (Fig. 7).

Such dependence reveal that degree of imperfection of

surface is a consequence of the extraframework species

located into the large cavities. On the one hand xenon is

sensitive to changes into the zeolitic cavities and on the

other the fractal dimension is also determined by the level

of destruction of zeolitic cavities as a consequence of de-

alumination process.

Table 2 Average pore diameter obtained from 129Xe NMR data

Sample Before steaming After steaming

dn?0

(ppm)

Pore diameter

(Å)

dn?0

(ppm)

Pore diameter

(Å)

LaY(3.0) 69 14.9 81 12.1

LaY(3.9) 73 13.8 91 10.3

-1.1 -1.2 -1.4 -1.5 -1.6 -1.7 -1.9 -2.0

(a)

(b)

(c)

(d)

Log h

Log I(h)

Fig. 6 SAXS curves to obtain the fractal dimension of LaY(3.0),

before (a) and after (b) de-alumination and of LaY(3.9), before (c)

and after (d) de-alumination
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Fig. 7 Dependence of dXe–W with fractal dimension (dXe–W is the

contribution to 129Xe NMR signal due to collisions between xenon

atoms and zeolite walls)

Table 3 Fractal dimension as determined by SAXS data

Sample Fractal dimension

Before steaming After steaming

LaY(3.0) 1.91 2.34

LaY(3.9) 2.03 2.71
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We return now, to the asymmetric 129Xe NMR signal

observed before de-alumination which suggests that signal

is composed by two peaks. This results support that lan-

thanum cations are not homogeneously distributed into the

free spaces. Moreover, after de-alumination a single peak is

observed revealing that extra-framework species and cat-

ions turn to be homogeneously distributed inside the large

cavities.

Thus, NMR of xenon adsorbed shows that, as a conse-

quence of the formation of extra-framework species, a

migration of cations into the zeolite can occur, which could

be expected because of the non-rigid positions of the

compensating cations [23]. In this sense, the lanthanum

cations in both catalysts should be redistributed in the

various zeolitic cages. 139La NMR spectra suggest such

migration. Figure 8 shows the spectrum of sample, before

de-alumination, composed by a single peak centered close

to -36 ppm, which was previously assigned to lanthanum

cations in the supercages [21]. With de-alumination, the

spectrum is significantly modified; the signal close to

-36 ppm decreases its intensity and appears superimposed

in a very broad line. This variation is explained as a

migration of the lanthanum cations as a consequence of de-

alumination. Indeed, the very broad line appears because

lanthanum, a quadrupolar nucleus, should be located in

different environments, i.e. in different sites of the zeolite

framework, including supercages and sodalite cages. Of

course MQ MAS spectra would confirm if the broadening

of La NMR signal is or is not quadrupolar in nature. Such

experiments are suitable to be carried out at high magnetic

fields and unfortunately this is the reason which we are

unable to make them. However, previously Herreros et al.

[21] have explained this broadening of line as migration of

cations as explained above, such migration is possible

because before de-alumination lanthanum cations are

hydrated and its average size is close to 4 Å. The sodalite

cages are inaccessible (pore entrances of 2.4 Å). However

during steaming treatment the vibrations of zeolite lattice

increases and at same time the hydration sphere of cations

can be lost; these two features could make possible the

migration of cations from supercages to sodalite cavities.

In summary, NMR results support that extra-framework

enriched-aluminum species are formed in the large cavities

of zeolite and then a redistribution of lanthanum cations

occurs upon de-alumination. The participation of these

extra-framework species in the catalysis of the hexane

cracking remains opened.

Catalytic activity of de-aluminated LaY(3.0) and

LaY(3.9) catalysts in the hexane cracking is reported in

Table 4. Two remarks should be noted, the first one is the

higher the Si/Al ratio the higher is the activity. The second

one is that selectivity to heavier hydrocarbons (C5) is

favored with the catalyst most active. Nevertheless a great

amount of (C4) was detected in this catalyst. In order to

disclose on the activity of this catalyst, the mixture C4 was

characterized, then a great amount (70%) of butane was

detected; most probably the reaction isomerization reaction

i-butane towards butane is favored because of the avail-

ability of the acid sites, claimed for this reaction. Thus

acidity in these two catalysts is different as suggested by

the characterization and catalysis results. Of course the

Turnover number, defined as the catalytic activity per

aluminum into lattice, increases with de-alumination. This

suggests that the amount of strong acid sites increases with

de-alumination. The amount of aluminum sites playing the

role of acid sites increases with de-alumination. In this

context, the strength of these sites also varied as pointed

out by the adsorption–desorption of pyridine followed by

infrared spectroscopy, Fig. 9. In such a figure the relation

between intensities of bands due to pyridine adsorbed in

Bronsted and Lewis acid sites is plotted as a function of the

desorption pyridine temperature. Note that catalyst

LaY(3.9) always exhibits a higher ratio IBronsted/ILewis even

at temperatures as high as 400 �C, suggesting that stronger

acid sites are present on this catalyst than the others one.

Actually, a molecular dynamic simulation [33] has reported

different extra-framework species that could be present as

5000 4000 3000 2000 1000 0 -1000 -2000 -3000 -4000

(b)

Chemical Shift (ppm)

(a)

-5000

Fig. 8 Static 139La NMR spectra of sample LaY(3.9), before (a) and

after (b) de-alumination treatment

Table 4 Activity and selectivity exhibited by catalysts in hexane

cracking reaction

Catalyst Activity

10-3 mol g-1 h-1
**Selectivity (%)

C1 ? C2 C3 C4 C5

LaY(3.0) 8 25.2 10.3 11.6 52.9

LaY(3.9) 66 4.1 34.7 64.5 2.2

* Ci = hydrocarbons; where i = number of carbons
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zeolites are de-aluminated. The mechanism of formation of

this extra-framework Al2O3 species includes the breaking

of Al–O bonds and appearance of dangling oxygens bon-

ded to the neighboring silicon atoms. At this time, the

steaming could leads to formation of acid OH groups.

These hydroxyls could lead to formation of Si–OH or Al–

OH groups. 1H–29Si CP MAS NMR spectra (not shown)

did not reveal an increasing of silanol groups as a conse-

quence of de-alumination, then Al–OH groups could be

mainly created. Furthermore, it is worth mentioning that
139La NMR suggested that de-alumination induces changes

on the position of lantahanum cations, thus it could be

reasonably assumed that de-alumination influences the

amount of acid sites but also their redistribution into the

zeolite.

4 Conclusion

De-alumination of lanthanum-containing zeolites through-

out steaming leads to an increasing in Si/Al framework

ratio. With steaming, a reduction in the pore is detected by

the xenon molecular probe. Furthermore, as a consequence

of de-alumination the lanthanum cations are redistributed

in the exchangeable positions of zeolites. The extracted

aluminum can be hosted in the larges cavities of zeolites

and then act as acid sites, which, indeed, are available to

catalyze chemical reactions.
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