Volume A7 Number 0211 ISSN 1410-8860

Reprinted from

PHYSICS JOURNAL
OF THE INDONESIAN PHYSICAL SOCIETY

The Basicity and Acidity of Beta Zeolites after lon-Exchange with

Alkali Metal Cations: a Physicochemical Characterization

Wong Kah Man, Hadi Nur, Abdul Rahim Yacob and Zainab Ramli , Phys. J. TIPS A7 (2004) 0211
Received: January 28", 2004 ; Accepted for publication: June 7", 2004

D

HF I

Published by
THE INDONESIAN PHYSICAL SOCIETY
http://hfi.fisika.net



PHYSICS JOURNAL OF THE INDONESIAN PHYSICAL SOCIETY

Journal devoted to Applied Physics (Vol. A), Educational Physics (Vol. B), and Theoretical Physics (Vol. C)
URL : http://pj.hfi.fisika.net

Editors
Laksana Tri Handoko (Lembaga Ilmu Pengetahuan Indonesia) Terry Mart (Universitas Indonesia)

Honorary Editors

Anung Kusnowo (Lembaga Ilmu Pengetahuan Indonesia) Na Peng Bo (Universitas Indonesia)
Muhamad Barmawi (Institut Teknologi Bandung) Tjia May On (Institut Teknologi Bandung)
Pramudita Anggraita (Badan Tenaga Atom Nasional Yogyakarta) Muslim (Universitas Gajah Mada)

Types of paper
The following types of paper are welcome in this journal
1. Letter : letter is intended for a rapid publication of important new results. An extended version as the follow-up
article can be published as a regular paper. A letter is assumed to be no longer than 4 pages.
2. Regular : a regular article contains a comprehensive original work.
3. Comment : comment is a short paper that criticizes or corrects a regular paper published previously in this journal.
Comment is not allowed to exceed 4 printed pages.
4. Review : review article is a comprehensive review of a special topic in physics. Submission of this article is only
by an invitation from editors.
5. Proceedings : proceedings of carefully selected and reviewed conferences organized by THE INDONESIAN PHYSICAL
SOCIETY are published as an integral part of the journal.

Paper Submission
The submitted paper should be written in good English. The paper can be sent in the form of :
1. BTEX: this is the most preferred form, since it can accelerate the publication process. Visit the above URL site to
find the online submission form and the macro used in this journal.
2. MS Word : an MS-Word file can be sent through the online submission form.
Additional relevant information on the submission procedure as well as the instruction manual for writing the paper
can be found in the journal site above. The communication thereafter is done through the web.

Referees

All submitted papers are subject to a refereeing process. The editor will choose an appropriate referee for every paper.
The author whose paper is rejected by a referee has a right to ask the editor to find another referee as long as he/she
can convince the editor that his/her paper has not been objectively refereed. The editor has the right to make a decision
on the paper. The journal editor has also the right to reject a paper that clearly does not fulfill scientific criteria.

Reprints
Electronic reprints including covers are available from the journal site for free. The hardcopy version can be ordered
from the editorial office. Visit the above web-site or send an e-mail to editorial office for additional information regarding

reprints.

THE INDONESIAN PHYSICAL SOCIETY
Chairman : Masno Ginting Vice Chairman : Pramudita Anggraita
Secretary : Edi Tri Astuti, Maria Margaretha Suliyanti Treasurer : Diah Intani

Secretariat Office : Dynaplast Tower 15 Floor, Boulevard MH Thamrin #1, LIPPO Karawaci 1100
Tangerang 15811, Banten, Indonesia

Phone : +62 (021) 5461122 / 5461214 Fax : 462 (021) 5461160

URL : http://hfi fisika.net E-mail : info@hfi.fisika.net

(© 2004 THE INDONESIAN PHYSICAL SOCIETY ISSN 1410-8860



Physics Journal of the Indonesian Physical Society Volume A7 (2004) 0211 Regular

The Basicity and Acidity of Beta Zeolites after lon-Exchange with Alkali
Metal Cations: a Physicochemical Characterization

WoNG KAH MAN!, HADI NUR?, ABDUL RAHIM YACOB! AND ZAINAB RAMLI!

! Department of Chemistry, Faculty of Science, Universiti Teknologi Malaysia, 81310 UTM Skudai, Johor,
Malaysia

2Ibnu Sina Institute for Fundamental Science Studies, Universiti Teknologi Malaysia, 81310 UTM Skudai,
Johor, Malaysia

ABSTRACT : The structure, basicity and acidity properties of the alkali metals (Na, K and Cs) exchanged zeolite beta
were investigated in this work. Infrared (IR) and X-ray diffraction (XRD) were used for structural characterizations,
while Temperature programmed desorption (TPD) of CO2 and NH3s were use for the determination of basicity and
acidity, respectively. Results reveal that the framework structure of zeolite beta is retained after the exchange but with
a successive decrease in the relative crystallinity after the modification. The acidity of zeolite beta was strongly affected
by the crystallinity of the ion-exchanged zeolite beta, in which the acidity has decreased significantly with the decrease
in the crystallinity. However, the basicity after the exchange was not very significant in comparison to the acidity. The

effect of the crystallinity and the type of alkali metal cations on basicity is also shown.
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1 INTRODUCTION

The acidity and basicity of zeolites plays an important
role in their catalytic and adsorption properties. For
instance, heterogeneous acid catalysis by zeolites has
been intensively investigated especially in petroleum
refinery and cracking process [1]. In addition, the ba-
sicity is important in processes that require catalytic
acid-base pairs, e.g. alcohol dehydrogenation or selec-
tive sorption and separation [2]. Thus, fundamental
studies on heterogeneous basic catalysts become nec-
essary in order to achieve the success like those het-
erogeneous acid catalysts.

Zeolite is reported having base property. The fas-
cinating of basicity in zeolitic materials was reviewed
recently by Hattori [2] and Barthoumeuf [3-5]. Ac-
cording to Barthomeuf, acids and bases are conju-
gated, where the existence of protons in zeolites has
to be associated with that of basic sites. The origin of
basicity in zeolite is due to the oxygen atom derived
from alumina tetrahedral. Basicity of zeolite can be
enhanced by changing the electronegative charge of
the framework and or by introduction of basic guest
in their structure [2-7].

(© 2004 THE INDONESIAN PHYSICAL SOCIETY

Studies on base zeolite have usually focused on the
faujasites structure due to their high aluminum con-
tent. Quite a number of reports reviewed the effective-
ness of the base zeolite X and Y in the base catalyzed
reaction [8-10]. However, some other zeolitic materi-
als, which have not yet been investigated with regards
to their basicity, might have interesting base structure
and character.

Zeolite beta is a high-silica and large pore crys-
talline aluminosilicate material. The framework struc-
ture of zeolite beta possesses three-dimensional 12-
membered ring pores with an interconnected channel
system [11]. Zeolite beta has high thermal stability
and large pore property that desirable for catalyst
modification and catalytic activity. It was reported
that zeolite beta possess base properties that are
greater than expected from its low aluminum chemical
composition alone [3, 12]. Nevertheless, only several
attempt have been reported in preparing base zeolite
beta [12-14]. Here, we study the acidity and basic-
ity of zeolite beta after ion-exchange with alkali metal
cations by using Temperature programmed desorption
(TPD) of CO5 and NH 3, X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) in order to corre-
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late the acidity and basicity with the structural prop-
erties.

2 EXPERIMENTAL

2.1 Preparation

Protonic zeolite beta (HBeta) with $i02/Al, O35 = 25
supplied by Zeolyst was used as a starting material
in this study. Alkali metal (Na, K, Cs) exchanged
zeolite beta were prepared by adding HBeta into 1.0
M aqueous solution of the corresponding metal nitrate
or acetate at 80 ~ 90°C and stirred overnight. The
ratio of zeolite to volume of metal solution that used
was 1:10 g/ml. It was then filtered and washed with
distilled water. This procedure was repeated for six
times. Finally, it was dried at 100°C overnight and
calcined in air at 500°C for 6 hours with the heating
rate of 1°C/min. The exchanged zeolite was labeled
as MBeta, where M referred to the alkali metals (Na,
K and Cs).

2.2 Characterizations

The exchanged zeolites samples were characterized by
XRD and IR. The diffractogram was recorded on D500
Siemens Kristalloflex X-ray diffractometer with CuK
as the radiation source with A = 1.5418 Amstrong
at 40 kV and 30 mA. Samples were measured in the
range of 26 of 2° to 60° at room temperature with step
time of 0.02°/s. The FTIR spectra were recorded at
room temperature with 4 cm™! resolutions between
4000 ~ 400 cm™! by using FTIR Perkin Elmer 1600
series. While, the IR spectra of hydroxyl groups for
the exchanged zeolite beta were recorded on the FTIR
Shimadzu 8000 series. Self-supported wafers (~ 10
mg) were heated at 400°C under vacuum for 2 h. The
spectra were then recorded at room temperature in
absorbance mode with 2 cm™! resolutions.

The basicity property of the prepared base zeolite
beta was characterized by TPD-CO,, acquired using
TPD/R/O 1100 ThermoFinnigan. Sample weighing
0.15 ~ 0.25 g was pretreated in a flow of nitrogen at
400°C for 2 h. Sample was then exposed to CO2 at a
rate of 20 ml/min for 30 min at 40°C. The tempera-
ture was raised from 40 ~ 600°C. The desorbed gases
were analyzed by TCD. TPD-NH 3 has also been car-
ried out with the same condition. The samples were
pretreated at 4507C and the NH3 is adsorbed at 80°C.

3 RESULTS AND DISCUSSION

3.1 Physical properties

The XRD diffraction pattern of the exchanged zeo-
lite beta is shown in Fig. 1. Peaks at 7.8°, 16.5°,
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FIGURE 1: X-ray diffraction patterns of the exchanged ze-
olite beta: (a) HBeta, (b) NaBeta, (¢) KBeta and (d) Cs-
Beta.

21.4°, 22.5°, 25.3°, 26.9°, 28.8°, 29.5° and 43.5° were
observed. Both intense peaks at 7.8° and 22.5° are as-
signed to the dyg1 and dzg respectively, as reported by
Perez-Periente et al. [15]. The broad peaks at 7.8° is
the characteristic peak for the faulted structure, while
the sharp peak at 22.5° is due to the tetragonal and
monoclinic symmetry structure of zeolite beta. The
presence of all the typical diffractions peaks of zeolite
beta (Fig. 1) in each sample indicates the retaining of
the framework structure of zeolite beta after ion ex-
changing with 1.0 M aqueous solution of alkali metal
cations, i.e. Na*, K+ and Cs+. However, the inten-
sity of the diffraction peaks of the exchanged samples
decreases consecutively after the exchanged indicat-
ing the deterioration of the crystal structure of zeolite
beta has occurred.

FIGURE 2: IR spectra of the exchanged zeolite beta: (a)
HBeta, (b) NaBeta, (c) KBeta and (d) CsBeta.
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FIGURE 3: IR spectra of the exchanged samples after
heated at 400°C for 2 h under vacuum: (a) HBeta, (b)
NaBeta, (¢) KBeta and (d) CsBeta.

The relative crystallinity of the exchanged zeolite
beta was tabulated in Table 1. It was calculated based
on the intensity of the peak at 22° in comparison with
the parent HBeta. It is shown that the relative crys-
tallinity of zeolite beta decreases with the increase in
size and the electropositive character of alkali metal
cations, in the order of Na™ < KT < CsT. It was
suggested that the decreased in the crystallinity might
be due to the strong interaction of the cation with the
oxygen atom of the alumina tetrahedral in the zeolite
framework. As the electropositive characteristic of the
cations increased from Nat to Cs*, the stronger in-
teraction of the cations with the oxygen atoms of the
alumina tetrahedra is expected, thus weaken the bond
of the oxygen with the rest of zeolite framework. It
then explained the decrease of about 60% of the crys-
tallinity of CsBeta compared to the parent HBeta.

The IR spectra of the exchanged zeolite beta sam-
ples are shown in Fig. 2. There are several typical
bands that can be observed in the spectrums for all
samples. The bands in the region of 1250 ~ 1200
cm~!, 1100 ~ 1050 cm~! and 800 ~ 750 cm™! are
assigned to the external asymmetric stretching, inter-
nal asymmetric stretching and symmetric stretching
of TO4 (T = Si, Al) respectively. The double 6-
membered ring and double 4-membered ring vibra-
tions that can be observed respectively at 570 ~ 560
em™! and 520 ~ 510 cm~! indicate the framework
structure of zeolite. Meanwhile, band at around 462
cm ! is assigned to the T — O bending. This result is
in an agreement to the XRD findings, where it shows
the retaining of the structure after the exchanged.

Fig. 3 shows the IR spectra of the dehydrated ex-
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FIGURE 4: TPD-CO2 thermograms of the exchanged zeo-
lite beta: (a) HBeta, (b) NaBeta, (c) KBeta and (d) Cs-
Beta.

changed zeolite samples at the OH stretching region.
Bands that appeared in the samples are Si-(OH)-Al
groups in the framework (3606.6 cm~!), and the hy-
droxyl group that bonded with the extraframework
aluminium (3668.4 cm™'). A small band near 73780
cm~! is only observed in parent HBeta. This band
is assigned to the isolated extra-framework AIOOH*
species. The vibration band at 3743 cm™! is assigned
to the O — H stretching of silanol group [16-18]. The
intensity of this band however decreases with the in-
crease of the size of the cations exchanged. This sug-
gests that besides the ion-exchange process which oc-
curred at the oxygen vicinity of the alumina tetra-
hedral framework, some of the alkaline metals might
have exchanged with the silanol defect sites and oc-
cluded at this sites, causing the decrease in the inten-
sity of the silanol group.

Cs™ has the largest size compare to Nat and K+
and most of the cations shows predominantly to oc-
cupy the defect sites rather than the normal ion-
exchanged process of the narrow channels from the
zeolite framework. This explained the missing band
of the OH silanol group in Cs-Beta sample.

3.2 Basicity and acidity

Basicity and acidity properties were characterized by
Temperature programmed desorption (TPD) to mea-
sure the number and strength of base and acid sites
that available on the surface of a catalyst. A mild
acidic CO2 was used as probe for basicity and NH3
for acidity. The strength and amount of base sites are
reflected in the desorption temperature and the peak
area, respectively, in a TPD plot.
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FIGURE 5: TPD-NH 3 thermograms of the exchanged zeo-
lite beta: (a) HBeta, (b) NaBeta, (¢) KBeta and (d) Cs-
Beta.

The TPD-CO4 thermograms of the exchanged zeo-
lite beta is as shown in Fig. 4. One expects that by
exchanging the protons with alkali metal with a lower
electronegativity, the oxygen charge will increase and
thus increase the basicity of the zeolite. However,
the results show no increament of the basic strength
in zeolite beta after exchange with sodium, potas-
sium and cesium compared to the parent H-Beta. As
shown in Fig. 4, the broad peaks at 240°C and 390°C
for HBeta, 3500C for NaBeta, 330°C for KBeta and
390°C for CsBeta were observed. It reveals that the
trend of the basic strength of HBeta, NaBeta, KBeta
and CsBeta does not follow the trend of the size and
the electropositive character of alkali metal cations
(Nat < Kt < Cs™). The basic strength also does
not follow the trend of the relative crystallinity (see
Tab. 1). CsBeta is supposed to create the highest
the basic strength. However, it shows that its basic
strength is similar to those the parent H-Beta.

Tab. 1 gives the number of base sites counted from
TPD-CO5. From TPD results it was observed that
the amount of base sites among the samples was dif-
ferent. Compared to HBeta, the concentration of base
sites in NaBeta and KBeta is significantly higher. It
also reveals that the concentration of base sites in
CsBeta and HBeta are about the same. Theoreti-
cally, the basicity must be affected by the strength
and the amount of the base sites. In order to show

Phys. J. IPS A7 (2004) 0211

that the base strength and the amount of the base
sites affect the basicity, the Sanderson electronegativ-
ity equivalence method (SEEM) [19] is adapted. The
SEEM can determine the negative charge carried by
the oxygen in zeolite frameworks. The intermediate
electronegativity Siny of a given material reflects the
mean electronegativity reached by all the atoms as
a result of electron transfer during formation of the
compound. For a compound P,Q4R,, the intermedi-
ate electronegativity Siyg is given by,

1/p+g+r
Sine = (% 5 Sh) , (1)

where the composition of the catalyst is P, Qq R, -- -,
S is the elemental electronegativity, and Sjy is the
intermediate electronegativity. The electronegativity
gives access to the negative partial charge on the oxy-
gen atom in the framework by,

~ Sint — S0
- 2.08/Sp

The oxygen charge of the ion-exchanged zeolite beta
that calculated based on SEEM are tabulated in Tab.
1. As shown in Tab. 1, it is found that the basicity of
the HBeta, NaBeta and KBeta is correlated with their
oxygen charge. Thus, the basicity of zeolite beta is de-
pending on the amount of sodium and potassium that
has been exchanged in the zeolite beta framework. On
contrary, cesium exchanged zeolite beta has lower ba-
sicity even though the calculated oxygen charge is the
highest among all the samples. This might due to the
cesium cations are located at the silanol defect sites
which is corresponded to the peak around 3740 cm !
in Fig. 3 [16]. This argument is supported by the fact
that the silanol defect sites band in the IR hydroxyl
group study is disappear (Fig. 3). Since the base
strength is also dependent on the structure, it should
be noted that the basicity is also affected by the crys-
tallinity of the CsBeta. One considers that the lower
the crystalinity, the higher is the amount of the silanol
defect sites. It confirms that if the crystallinity is tak-
ing into account, as shown in Tab. 1, the value of the
oxygen charge (—d,times relative crystallinity) which
is related to the basicity is become low. Therefore,
the low basicity that due to the occupancy of cesium
at defect site in CsBeta is correlated with the oxygen
charge.

The acidity was also measured with TPD by using
NH3 as probe. The TPD-NH 3 thermograms that ob-
tained are as shown in Fig. 5. The acidity of zeolite
beta decrease significantly after exchanging with al-
kali metal cations in the order of H+ > Na™ > KT >
Cs™T. By exchanging the proton in zeolite beta frame-
work with alkali metal cations, the crystallinity of the

do (2)
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TABLE 1: Properties of alkali metal exchanged zeolite beta, where unit cell composition was determined by elemental
analysis using atomic absorption analysis (AAS), while negative charge on oxygen atom calculated from the hypothetical

framework composition by SEEM.

Sample Unit cell composition Relative Acidity Basicity —do —dox Relative
crystallinity (%) (umol g7') (umol g™') crystallinity
HBeta Hay74Ala.748059.26 O128 100 1751 6 0.210 0.210
NaBeta Nay.74 Al 74805926 O128 80 1272 12 0.244 0.195
KBeta KossHo19Al4.745159.26 O128 79 666 10 0.234 0.182
CsBeta Css.77Ho.97 Ala.74Si59.26 O128 41 388 5 0.252 0.103

samples decrease and the amorphization become ob-
vious in the order of HT < Na™ < KT < CsT. In
crystalline structure, the framework is in the maxi-
mize resonance. The Si-O bond is strengthen, thus
weaken the O-H bond. As a result, the interaction
between proton and the framework structure become
weaker such that the acid property increases. On the
other hand, the resonance is weaker in the amorphous
structure causing the decrease in acid properties com-
pared to the crystalline structure [20]. It then explains
the significant decrease in the acidity, i.e. about 4-
and 5-fold in KBeta and CsBeta, respectively than
the parent HBeta.

Since the basicity of exchanged samples is insignif-
icant, the decrease in the acidity is not due to the
cation exchanged but rather to the crystallinity of the
samples. A good correlation (R? = 0.7631) is found
when the acidity is correlated against the relative crys-
tallinity (Tab. 1). This suggests that the crystallinity
affects the acidity in zeolite. In addition, as shown in
Tab. 1, no correlation was observed between acidity
and basicity. This suggests that the acidity and ba-
sicity properties of the ion-exchanged zeolite beta are
independent.

4 CONCLUSION

The acidity and basicity properties of zeolite beta can
be modified through ion exchange with alkali metal
cations (Kt, Na™ and Cs™). The acidity property in
zeolite beta reduces significantly after exchanged with
a larger size of alkali cations with retaining the frame-
work structure. The acidity of the ion-exchanged ze-
olite beta was decrease after ion exchange with Kt
Nat and CsT cations as indicated by the amount of
the NHg3 desorption in the TPD experiments. How-
ever, the acidity does not seem to depend on the type
of alkali metal cations, but strongly depend on the
crystallinity of the ion-exchanged beta zeolite. Fur-
thermore, the basicity of the ion-exchanged zeolite

beta is not significant, since the amount of the ba-
sic sites was always lower compared the acidity. It
was found that the basicity was affected by both the
crystallinity and the type of alkali metal cations.
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