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A study on the modiÐcation of the surface acidity of beta zeolite exchanged with Cs and Li was carried out by
means of X-ray di†raction, nitrogen adsorption (BET), 27Al-MAS-NMR, (133Cs, 6Li)-MAS-NMR, surface
paramagnetic shift (SUPAS) with adsorbed FTIR of adsorbed pyridine and An inverse correlationO2 , NH3-TPD.
between the amount of cations exchanged and the number of acid sites was veriÐed, as well as a gradual decrease of
the micropore surface area, i.e. a 38% negative variation for the fully exchanged solids ZbCs2 and ZbLi3. The
133Cs and 6Li (SUPAS)-MAS-NMR technique suggested that Cs cations were located in accessible sites, while Li
cations were inaccessible and possibly located in cavities within the channels network. The crystallinity of the
original beta zeolite was modiÐed slightly after the ion exchange and no trace of amorphous material was detected
by XRD and 27Al-MAS-NMR techniques. By means of it was found that at similar cation molarNH3-TPD
concentrations the number of acid sites was about 4 times higher for Li-exchanged zeolites, therefore Cs showed a
stronger neutralization power of the acid sites.

Zeolites have many applications in adsorptive and catalytic
processes for the oil reÐning industry.1 Owing to their acidic
properties these solids are a primary choice for substituting
chlorinated alumina in metal supported catalysts for paraffin
isomerization and aromatization reactions.2 Some zeolites like
HY and ZSM series are widely used in the industry for Ñuid
catalytic cracking (FCC) and lubricant oil hydrodewaxing
processes, respectively.3,4 Nevertheless, for some applications
the high surface acidity of zeolites may produce some unde-
sired reactions like cracking,5 and for this reason great e†orts
have been made to control their surface acidity, for example
by modifying the Si : Al ratio through dealumination6 or by
ion exchange.7 In many hydrocarbon reactions these pro-
cedures do control the formation and rearrangement of carbo-
nium ions.

The synthesis and textural properties of beta zeolite have
been reported extensively8h12 and techniques like HREM,13

27Al-MAS-NMR and FTIR16h19 have beenNH3-TPD,14,15
applied to characterize the properties of the solids, as for
example, the chemical changes occurring on the zeolite surface
upon incorporation of alkaline cations and their inÑuence on
the catalytic properties.7,20 The Pt supported on exchanged
zeolites exhibited a catalytic selectivity for the n-hexane aro-
matization reaction higher than on the non-exchanged sup-
ports, as is the case for Pt/KL zeolite.7 Alternatively,
supported metal catalysts like Pt/b-zeolite showed an
enhanced sulfur resistance, and better stability with respect to
the KL supported catalysts.7

The purpose of the present work was twofold : Ðrstly, to
study the inÑuence of alkaline monovalent cations like Cs and
Li on the acidic properties of the beta zeolite, and secondly, to
study the control of the surface acidity properties for pre-
paring bifunctional Pt/b-zeolite reforming catalysts. To this

¤ Non-SI unit employed : 1 Torr B 133 Pa.

end, several techniques were used to characterize the textural,
structural and acidic properties of the ZbH (acidic) and ZbM
(M \ Cs, Li) solids, including adsorption (BET), XRD,N227Al-MAS-NMR, and FTIR of adsorbed pyridine.NH3-TPD

Also, a new NMR method that takes advantage of the para-
magnetic e†ect of adsorbed molecules on speciÐc cationsO2in dehydrated zeolites was used. This method, (6Li, 23Na)
(SUPAS)-MAS-NMR has proven to be useful in determining
the location of the exchanged cations within the zeolite frame-
work.21,22

Experimental
The starting material was a commercial zeolite from PQ Cor-
poration (Valfor CP811BL-75). The main chemical and physi-
cal properties of this zeolite are summarized in Table 1, where
one observes that the content is limited to 26 ppmNa2Oaccording to the chemical analysis, but the datasheet from the

Table 1 Physicochemical properties of ZbH zeolite

Reporteda This workb

Chemical composition
Al2O3/wt% 2.5 2.53
SiO2/wt% 96.8 97.39
Na2O/wt% 0.01 0.0026
Si : Al/molar 32.85 32.66
X-Ray di†raction
Crystalline phase b-Zeolite b-Zeolite
Crystallinity/% 85 90
Textural properties
Surface area/m2 g~1 725 742

a Datasheet from PQ Valor Corp. b Chemical composition by AAS.
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supplier reports 100 ppm of The main di†erenceNa2O.
between these values is most probably related to the statistical
sampling procedures. The Si : Al ratio was determined by
atomic absorption spectrometry (AAS).

The alkaline ion exchange was performed using aqueous
solutions of LiOH (Rosemount), CsOH and CH3COOLi
(monohydrated form, Aldrich). The pH values of the starting
alkaline solutions were 13.5, 13.9 and 8.1, respectively. The
volume : solid ratio in the mixture was 1.7. The initial cationic
solutions were 2.15 wt% for Cs and 0.11 wt% for Li ; these
solutions were diluted in order to achieve the desired concen-
tration of the cation in each solid. The solutions were added
dropwise to the zeolite, which had been suspended previously
in deionized water and the pH was in the range of 6.5È7.0
during the ion exchange process. After stirring for 12 h the
exchanged materials were Ðltered and washed thoroughly with
deionized water, and dried in two steps, Ðrst at 313 K and
then at 383 K for 1 h, followed by calcination in air at 823 K
for 3 h under shallow-bed conditions. Afterwards, the samples
were stored under Using this procedure, several protonicN2 .
beta zeolite samples were partially or fully exchanged with
alkaline ions (Cs, Li). The level of exchange was calculated
relative to the aluminum content determined by AAS. Other
exchanged samples (ZbCs3, ZbCs4, ZbLi4, ZbLi5 and ZbLi6)
were synthesized in the same manner in order to have a more
complete series to compare the total number of acid sites as a
function of cation concentration.

The micropore surface area of the samples was determined
by means of the BET method, using an ASAP 2000 sorptome-
ter. The X-ray di†raction patterns were recorded using a
Siemens D-5000 instrument Ðtted with a monochromator for
CuKa radiation.

The 27Al-MAS-NMR spectra were recorded at 78.21 MHz
using a Bruker ASX-300 spectrometer ; the samples were
introduced in the rotor after being stored under ambient con-
ditions, the spinning speed was 12 KHz and an Al(NO3)3solution was used as external reference.

The 133Cs- and 6Li-MAS-NMR spectra were recorded
using a Bruker ASX-400 MHz spectrometer. For 133Cs
experiments at 52.49 MHz, the pulse had a width of 5 ls, the
spinning speed was 3 KHz with a pulse delay of 2 s ; 15 000
averaged scans were acquired, and a 1 M CsCl solution was
used as the external reference. For 6Li at 58.88 MHz, the pulse
width was 10 ls, the spinning speed was 3 KHz, with a pulse
delay of 10 s and 6000 averaged scans ; a 1 M LiCl solution
was taken as the external reference. The samples were treated
at 673 K under vacuum and the measurements were done
with di†erent pressures in a 5 mm NMR tube, which wasO2sealed for the NMR measurements. A specially designed
homemade NMR probehead for spinning the sealed tubes up
to 4 kHz23 was used.

The number of acid sites was determined by NH3-TPD
using a thermal conductivity detector Ðtted to a GC. The
samples were pretreated under helium Ñow at 2 L h~1 with

the temperature being varied from room temperature up to
923 K over 1.5 h. Pulses of anhydrous ammonia were injected,
at 473 K, until saturation. Then, a He Ñow was admitted and
the temperature was decreased down to 413 K. Ammonia
desorption was followed over the interval between 413 K to
873 K with a heating rate of 10 K min~1 and a helium Ñow of
2 L h~1. The amount of desorbed per gram of catalystNH3was determined from the area under the curve.

The nature of the surface acid sites, or Lewis, wasBro� nsted
determined by FTIR spectroscopy of adsorbed pyridine, using
a Nicolet 170SX instrument. Self-supported wafers (13 mm
diameter) were introduced into a Pyrex glass cell with CaF2windows and were pretreated under vacuum (10~6 Torr) at
673 K, for 1 h. The adsorption of 20 Torr of pyridine (Merck,
spectrophotometric grade) was performed at room tem-
perature over 30 min ; then, the gas phase pyridine was
removed by vacuum at the same temperature for 30 min. The
spectra were recorded at various temperatures, from room
temperature up to 773 K. For the calculations the integrated
absorbance of the bands at 1545 cm~1 and 1450(Bro� nsted)
cm~1 (Lewis) were considered, according to the transmission
factors reported by Emeis.24

For comparison purposes, commercial -alumina from Kali
Chemie (GAKC) and an industrial catalyst from Instituto
Mexicano del (APt-1) were also studied.Petro� leo

Results

Textural properties

Table 1 shows the surface area of the starting material (ZbH
from PQ) determined by nitrogen adsorption (BET). The
values reported by the supplier and the one determined in this
work were 725 and 742 m2 g~1, respectively. The correspond-
ing micropore volume was 0.19 cm3 g~1, which is a typical
parameter for a microporous beta zeolite.14

The samples studied appear in Table 2 and according to the
calculated amount of alkaline ions, ZbCs1, ZbLi1 and ZbLi2
samples were partially exchanged, having an exchange ratio
lower than one. On the other hand, the fully exchanged zeo-
lites like ZbLi3 had an exchange ratio greater than the stoi-
chiometric one. The ZbCs2 sample was prepared in order to
achieve a complete ion exchange by the addition of a stoichio-
metric amount of Cs cations. The main textural parameters of
the samples are also reported in Table 2. The micropore
surface area compared to the original ZbH zeolite decreased
by 7% after an exchange level of 30% with Cs for the ZbCs1
sample. For a Cs exchange level of 98% (ZbCs2) the corre-
sponding decrease in the micropore surface area reached 38%
for the sample. For the ZbLi1, ZbLi2, ZbLi3 samples having
exchange levels of 81, 87 and 110%, the decrease in micropore
surface area was 6, 31 and 38%, respectively.

Table 2 Exchange level, acid sites and micropore surface area of various zeolites

Acid Micropore
Precursor Cation/ Exchange sites/lmol NH3 : Al/ surface area/
salt wt% level NH3 g~1 molar m2 g~1

ZbH È È 0 472 1.02 464
ZbCs1 Hydroxide 2.02 31 251 0.55 431
ZbCs2 Hydroxide 6.44 98 71 0.15 289
ZbLi1 Acetate 0.28 81 305 0.63 436
ZbLi2 Acetate 0.30 87 261 0.53 319
ZbLi3 Hydroxide 0.33 110 260 0.52 289
c-Aluminaa È È È 310 È È
APt-1b È È È 370 È È

a Commercial support from GAKC. b Commercial PtÈRe catalyst.
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Structural properties

The X-ray di†raction patterns corresponding to ZbH and
ZbM (M\ Cs, Li) are displayed in Fig. 1. The inspection of
these di†ractograms conÐrms that no important structural
variations occurred in the original zeolite after the ion
exchange, but only a slight broadening of the (302) di†raction
peak appearing at 22.1¡(2h) was apparent for the ZbCs2
material. The 27Al-MAS-NMR spectrum of ZbH (in the
hydrated form) is shown in Fig. 2. It is composed of two
peaks, one of them corresponding to with d B 56 andAlTd ,
the other to with d B 0, the latter being ca. 7% of theAlTdvOh ,
total area. These two signals were also observed by PerezÈ
Pariente et al. in this type of zeolite.16 Fig. 2 also shows the
27Al-MAS-NMR spectrum of ZbCs1 (31% exchange level),
still having ca. 5% of with respect to total area. InAlTdvOh ,
contrast to this behavior, ZbLi3 showed only a single peak at
d \ 56, i.e., the peak. The remainder of the samples,AlTdZbLi1, ZbLi2 and ZbCs2 (spectra not shown), had a similar
behavior according to their exchange level ; those with a
higher exchange level presented only one signal (ZbCs2) and
those with lower exchange levels (ZbLi1, ZbLi2) presented
two signals.

Fig. 3 shows the 133Cs- and 6Li-MAS-NMR spectra of the
ZbCs2 and ZbLi2 dehydrated samples under various pres-O2sures, from 0 to 1800 Torr. The 133Cs-MAS-NMR spectrum
measured under vacuum at room temperature (panel A, spec-
trum a) exhibited only one peak at d \ [194, indicating a
single chemical environment for the Cs cations located at the

Fig. 1 X-Ray di†raction patterns of ZbH, ZbCs and ZbLi beta
zeolite series.

Fig. 2 27Al-MAS-NMR spectra of ZbH, ZbCs1 and ZbLi3. The
spectra have been shifted relative to the x axis.

Fig. 3 (A) 133Cs- and (B) 6Li-MAS-NMR spectra of ZbCs and ZbLi
zeolites under various oxygen pressures. (A) (a) 0, (b) 600, (c) 1800PO2Torr. (B) (a) 0, (b) 1800 Torr. The starred peaks are the spinningPO2side bands.

exchange positions of the zeolite. When is introduced toO2the sample, the Cs peak shifted to lower Ðeld, indicating an
e†ect due to the presence of paramagnetic molecules nearO2the Cs cations (spectrum b). As the pressure increased toO2ca. 1800 Torr (spectrum c), the Cs peak shifted to an even
lower value of d \ [80, conÐrming the paramagnetic shift
due to the presence of increasing quantities of physisorbed O2in the pores of the beta zeolite.

In the 6Li-MAS-NMR experiments [Fig. 3(B)], only one
signal was obtained, (d \ [0.1) even at high pressures of O2(ca. 1800 Torr).

Surface Acidic Properties

The number of acid sites was determined by means of the
method in the range 413 K O T O 773 K andNH3-TPD

these results are condensed in Table 2. There is a general
trend for the amount of adsorbed on the Cs- and Li-NH3exchanged series. ZbCs1 and ZbCs2 desorbed 47 and 85% less

New J. Chem., 2000, 24, 99È104 101



ammonia, respectively ; ZbLi1, ZbLi2 and ZbLi3 showed a
maximum decrease of about 45%. As expected, these results
indicate that increasing the cation concentration, either Cs or
Li, provokes a diminution of the number of acid sites. The
comparison of the number of acid sites for the complete series
is shown in Fig. 4, including the additional samples of Cs and
Li exchanged zeolites prepared. It is observed that the Cs
series presents a greater decrease in the number of acid sites
than the Li series (the di†erence being about 200 lmol NH3g~1). It is important to note that the amount of NH3desorbed from the Cs series was always lower than from the
Li series. Both series show desorption, even for highNH3exchange levels. Under the same experimental conditions, the
amount of acid sites follows the sequence : ZbH [ APt-
1 [ GAKC[ ZbLi(series)[ ZbCs(series).

As observed in Table 2, some of the Li exchanged solids
had similar values to that of the commercial alumina support.
From the number of molecules adsorbed per Al atomNH3one observes that ZbH adsorbs one molecule per tetra-NH3hedral aluminum, while the other solids showed a marked
decrease of this ratio, particularly ZbCs2.

Fig. 5 shows desorption proÐles for ZbH andNH3-TPD
ZbLi1 samples, where it can be observed that there is an
important decrease in the number of acid sites, with a con-
comitant decrease in the maximum of the desorption tem-
perature and therefore the acid strength. It is also important
to note that ammonia desorption starts at temperatures
higher than 450 K, as was observed by others.17

The nature of the surface acid sites was investigated by
means of FTIR spectrometry, using pyridine as a probe mol-
ecule from room temperature to 773 K. These spectra (not
shown) clearly presented an IR band at 1545 cm~1 corre-

Fig. 4 Number of acid sites, as determined by ofNH3-TPD,
exchanged beta zeolites as a function of Cs and Li exchange level.

Fig. 5 Ammonia desorption proÐle from of ZbH andNH3-TPD
ZbLi1.

sponding to sites as well as IR bands in the intervalBro� nsted
1445È1455 cm~1, which are commonly assigned to Lewis
sites.17h19 A calculation of the amount of pyridine adsorbed
on those sites was performed using the molar extinction
coefficients24 and the results are expressed in micromol of
pyridine per gram of zeolitic material, lmol Py g~1. Although
this method implies some experimental errors coming from
the e values, valuable information can be obtained on a rela-
tive scale, when comparing the results obtained from di†erent
samples within a series.19 The variation with temperature of
the amount of pyridine adsorbed on and Lewis sitesBro� nsted
leads to the curves displayed in Fig. 6. There is a clear-cut
correlation between the cation concentration (Cs, Li) and the
amount of pyridine adsorbed on acid sites, as well as a
decrease of the IR peak areas with temperature. ZbH [Fig.
6(A)] had the highest amount of pyridine adsorbed on

acid sites over the whole temperature range. ThisBro� nsted
amount of adsorbed pyridine diminished for the exchanged
zeolites. The ZbCs1 and ZbCs2 samples showed a decrease in
the site population of about 75 and 100% withBro� nsted
respect to ZbH at 473 K. In all of the samples the population
of sites began to decrease at about 573 K, suggestingBro� nsted
that a strong acidity is present.Bro� nsted

The typical IR bands associated with Lewis sites showed a
di†erent behavior with respect to their counterparts.Bro� nsted
For example, the population of the Lewis sites in ZbH
decreased with increasing temperature, Fig. 6(B). The trend
was more pronounced for ZbCs1 and ZbCs2, which presented
no Lewis sites at 573 K. On the other hand, the ZbLi series
showed a steady variation of the relative amount of pyridine
adsorbed on the Lewis sites. ZbCs2 and ZbLi3, which had no

acidity, decreased their population of Lewis sites byBro� nsted
one-half to one-third with respect to ZbH. The ZbLi1, ZbLi2
and ZbLi3 solids were able to adsorb a higher amount of pyri-
dine on Lewis sites. The shape of the curves in Fig. 6(B)
allowed us to conclude that most of these sites are rather
weak.

and Lewis acid site distribution determinated byFig. 6 Bro� nsted
FTIR of adsorbed pyridine vs. temperature for acidic and exchanged
beta zeolites. (] ) ZbH, ZbCs1, ZbCs2, ZbLi1,(|) (>) (K) (=)
ZbLi2, ZbLi3.(…)
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In summary, the Cs exchanged zeolites, ZbCs1 and ZbCs2,
had weaker acid sites than their Li exchanged counterparts.
The strongest sites of ZbH were neutralized more selectively
by Cs exchange than by Li exchange, as shown in Fig. 6,
where one observes that at a temperature of ca. 573 K the
amount of pyridine adsorbed on ZbCs1 and ZbCs2 was zero
in the Lewis region. At this temperature, in the Li series, both

and Lewis sites are still present.Bro� nsted

Discussion
It was shown that the crystalline structure of beta zeolite was
only slightly modiÐed as a consequence of the chemical and
thermal treatments that were applied during the ionic
exchange. A slight broadening of the (302) di†raction peak at
22.1¡ (2H) was observed, and this may indicate an increase in
the crystal size of the zeolite when comparing ZbCs2 and
ZbH. This broadening could also be explained by a partial
loss of crystallinity, however this is less likely in view of the
27Al-NMR results, i.e. the absence of the line at 0 ppm (vide
infra). Work is in progress in order to clarify this particular
point, following in detail the XRD pattern (interplanar dis-
tances and crystal size) of the zeolites as a function of the
cation concentration.

The cation content of the samples was veriÐed by chemical
analysis for distinct precursor salts upon ion exchange, i.e.,
lithium acetate or lithium hydroxide (Table 2). The precursor
salt used did not have any important inÑuence on the Ðnal
samples.

Strong variations of micropore surface area of our samples
as a function of Cs and Li exchange level were observed.
There was a micropore surface area reduction equivalent to 38
and 31% (Table 2) for ZbCs2 and ZbLi2, respectively. The
exchange level of these samples was near 100%. Thus, the
decrease in the surface area calculated by nitrogen adsorbed
at 78 K in the samples is probably due to steric e†ects
(blockage of the micropores) rather than to a loss of crys-
tallinity (amorphization) due to the reason stated above.

The 27Al-MAS-NMR representative spectra presented in
Fig. 2, for ZbH, ZbCs1 and ZbLi3, show that the Ðrst two
samples presented a signal at d \ 0 regularly ascribed to octa-
hedral aluminum. The other band, situated at d \ 56, corre-
sponds to Al species having tetrahedral symmetry, TheAlTd .
fact that ZbLi3 did not show a signal corresponding to octa-
hedral aluminum demonstrates the absence of extra frame-
work aluminum (EFAl) in these samples. The line at d \ 0
corresponds in fact to tetrahedral framework aluminum
species bearing H` counter ions that can coordinate to water
ligands, changing their conÐguration in a reversible process,
as has been stated by several authors.26,27 For partially
exchanged Cs and Li samples, the intensity of the d \ 0 line
decreased as the exchange level was increased, indicating that
Cs and Li are homogeneously distributed among the andAlTdsites. Therefore, we can conclude that no EFAl speciesAlTdvOhare present, especially at the high cation concentrations in the
zeolites studied. If amorphization were occurring octahedral
Al should be present, especially at high cation concentrations.

The observed paramagnetic e†ect in the (SUPAS)-MAS-
NMR spectra arises primarily from hyperÐne interactions of
the unpaired electron spin of the molecules with theO2nuclear spins and it depends on the conÐgurations of the
observed atoms in the paramagnetic species system.28h31
These experiments demonstrated that Cs cations are all
located in accessible positions on the surface of the channels
of the beta zeolite. In this position, Cs cations can experience
an interaction with the physisorbed molecules di†using inO2the zeolite channels, leading to a paramagnetic shift of the Cs
line. On the other hand, the 6Li (SUPAS)-MAS-NMR with
adsorbed experiments demonstrated that Li cations wereO2not accessible to this gas, since these cations did not present a

paramagnetic line shift. This suggests that Li` is located in
small cavities and not on the surface of the channels of the
zeolite.

In regards to the and FTIR of pyridine, theNH3-TPD
results showed that both the concentration and the type of
cation exchanged determine the number of acid sites,
assuming a one to one stoichiometry, as well as their nature.
The Cs series di†ers from the Li series in that for the former
no Lewis acidity is found at temperatures higher than 573 K
and therefore, the Lewis acid sites that are present in the Cs
exchanged samples are weaker than those of Li exchanged
solids or ZbH. Cs also appears to neutralize more e†ectively
the acid sites of the zeolite, the amount of desorbed as aNH3function of the exchange level decreases faster for the Cs series
than for the Li series. Moreover, the di†erence in the number
of acid sites measured by is close to 200 lmol g~1NH3-TPD
for these two series (Fig. 4). This can be a result of the size of
the cation and/or its greater basic character. The fact that at
high exchange levels, the amount of desorbed is not zeroNH3is due to the presence of weak acid sites, primarily of the
Lewis type. No physisorbed was considered in thisNH3experiments or calculations since the samples were Ñushed in
He at 473 K and no appreciable amount of wasNH3desorbed at low temperatures (Fig. 5).

Therefore, the exchange with Cs and Li allowed us to
control the amount of acid sites and the strength of the Lewis
acid sites. However the acidity seems to remain quiteBro� nsted
constant for all of the samples studied. It is important to note
that some of the exchanged samples present an amount of
acid sites similar to that of commercial (Table 2).c-Al2O3

Conclusions
Several conclusions arise from the studies performed in this
work. The XRD and 27Al-MAS-NMR results point out the
stability of the zeolite structure during the exchange pro-
cedure. The decrease in micropore surface area cannot be
explained in terms of an amorphization of the zeolite. This
e†ect needs further study since there was no relation between
the size of the cations and the diminution of the surface area.
The number and type of acid sites and Lewis) are(Bro� nsted
determined by the amount and type of exchanged cation.
133Cs, 6Li (SUPAS)-MAS-NMR results suggest that cesium
cations are located in accessible sites of the zeolite, while Li
cations are not.
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