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Abstract. The changes in the physicochemical properties of a series of faujasite type X zeolites cation
exchanged with K*, Rb* and Cs™ have been studied by XRD, IR, thermoanalytical methods and
sorption measurements. As a consequence of the enhanced scattering of X-rays by larger alkali metal
cations, the percent relative intensity of the XRD peaks of cation exchanged zeolites was found to
have decreased considerably. The framework IR spectra also showed analogous changes. The alkali
metal exchange was found to enhance the thermal stability of the parent zeolite. The available void
volume and specific surface area (obtained by low temperature nitrogen sorption) also decreased with
the increase in the degree of exchange and cationic size. Equilibrium sorption capacities (298 K and
P/ Py = 0.5) for water, n-hexane, cyclohexane and 1,3,5-trimethylbenzene also exhibited the same
trend.
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Introduction

In consequence of their very open framework structure, faujasite type zeolites are
extensively used [1] as catalysts for different hydrocarbon conversion reactions of
industrial importance. Zeolite type X, exchanged with rare earths and/or protons,
has been used as a cracking catalyst [2]. In addition to their usual acidic properties,
base centres are formed in the framework of these zeolites when exchanged with
K*, Rb+ Cs*. Both acidic and basic centres in the zeolite framework have been
recently reviewed by Barthomeuf [3]. Not only synthetic zeolites [4] but also a
number of natural zeolites are modified by cation exchange [5] and consequently
their sorption characters are also modified [6, 7]. Cestum- and rubidium-exchanged
faujasite type zeolites have recently been used in side chain alkylation of the
benzene ring [8]. The degree of cation exchange was found to be correlated with
the catalytic activity. As a consequence of the cation exchange the physicochemical
properties of the parent zeolites usually get modified. In the view of this we have
systematically studied the physicochemical properties of type X zeolite cation
exchanged with K+, Cs™ and Rb*. The results are reported below.

* NCL communication no. 60356.
** Author for correspondence.
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Experimental
MATERIALS AND METHODS

The binder-free zeolite was synthesised {9] using water-glass solution, sodium
aluminate and sodium hydroxide. The SiO»/Al,O3 mole ratio of the synthesised
zeolite was found to be 2.52. K*, Rb*, Cs™ exchanges were carried out at 368 K
using 5% aqueous solutions of chloride salts of the respective alkali metal species,
following the procedure reported elsewhere [10]. Samples with a higher degree
of exchange were prepared by repeated cation exchange treatments. The chemical
compositions of the parent and exchanged zeolites were determined by conven-
tional wet gravimetric methods in conjunction with flame photometry (Toshniwal),
atomic absorption spectrometry (Hitachi, Z8000) and inductively coupled plasma
emission (ICPE) spectroscopy.

The changes in the crystallinity as a consequence of the cation exchange were
examined from XRD patterns obtained on a Rigaku (model D-Max/II1 VC) diffrac-
tometer using Ni filtered CuK,, (A = 1.54041 A) radiation. The crystallinity was
estimated from the intensities of some of the prominent peaks.

Framework IR spectra were recorded on a Pye-Unicam SP-300 spectrometer
using the Nujol mull technique. DTA and TG curves were recorded simultaneously
up to 1273 K on a Setaram 92-12 (France) thermal analyser in an air using pre-
calcined a-alumina as a reference material. '

Thermoanalytical curves were scanned with TG sensitivity = 30 mg and DTA
sensitivity = 100 V. Equilibrium sorption capacities (up to 2 h) were measured
gravimetrically at 298 K (P/ Py = 0.5) on a McBain-Baker-type apparatus using
a silica spring balance. Prior to sorption measurements a 75 mg sample, pressed
into a pellet, was activated at 673 K for 6 h under vacuum of 1076 Torr.

The specific surface area of the sample was estimated by low temperature
(78 K) nitrogen sorption using a BET volumetric apparatus, following the procedure
described elsewhere [11].

Results and Discussion
UNIT CELL COMPOSITIONS OF THE CATION EXCHANGED ZEOLITES

Table I lists the unit cell compositions obtained from gravimetric chemical analysis
of the exchanged samples. It can clearly be seen from Table I that during the cation
exchange with aqueous salt solutions part of the Na™ is replaced by H3;0™, and
therefore the actual number of cations exchanged by alkali metal is lower than
the total cation exchange in terms of Na™ removal. In aqueous cation exchange at
pH around 4.5-5.0, Na™ from the parent zeolite is exchanged by both H3O" and
M+ (MT =K, RbT and Cs™). The composition at equilibrium depends upon the
competition between H3O+ and M*. Similar hydrolytic replacement of cations by
H3O7 has also been reported in the literature [12]. It is also seen from Table 1, that
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Fig. 1. XRD patterns for (A) NaX, (B) HNaK(3)X, (C) HNaRB(3)X, and (D) HNaCs(3)X.

on the basis of the unit cell compositions of the samples, the number of unit cells
per gram also varies, depending on the atomic weight of the exchanged cation and
degree of cation exchange.

X-RAY DIFFRACTION (XRD)

Table IT summarises in detail the XRD characteristics of different cation exchanged
zeolites. It shows a decrease in the relative intensities of the majority of XRD
reflections and also an increase in that of some of the reflections. Figure 1 shows
typical changes in the relative intensities of the parent NaX sample along with the
samples of the highest degree of KT, Rb™ and Cs™ cation exchange. Both Figure 1
and Table II show that the reflections most affected (i.e. decrease in the relative
intensity) by progressive increase in the degree of cation exchange are the 111, 220,
331, 440, 533, 642 and 555 planes. The intensity of the plane 533 is reported [13]
to be least affected by cation exchange. There is such a drastic decrease in the peak
intensity of the 331 and 440 planes that they are almost absent in the HNaCs(3)X
sample. A similar drastic decrease in the 220 and 331 planes was reported [14] in
the case of rare earth-exchanged zeolite. The decrease in the peak intensity may
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TABLE III. Framework (Al,Si—-O) IR data for the series of zeolite products.

Zeolitic (T-0)

Zeolites Ues(T-0)  v(T-0)  v(O-T-0) doublering bend
D6R

NaX 1080 975 732 680 563 463
HNaK(1)X 1060 965 748 660 560 462
HNaK(2)X - 970 750 680 555 455
HNaK((3)X 1067 962 740 665 560 462
HNaRb(1)X 1070 968 745 666 573 473

HNaRb(2)X 1051 978 740 666 569 471

HNaRb(3)X 1062 975 745 665 565 470
HNaCs(1)X 1073 963 730 680 563 456
HNaCs{2)X 1085 965 735 682 567 460
HNaCs(3)X - 972 750 683 569 457

be, firstly, due to the higher scattering of X-rays on account of a comparatively
larger size of incoming species and, secondly, on account of variations in cation
site selectivity. The second possibility has also been supported by a surprising
observation of an increase in the intensity of reflections corresponding to 26 = 26.0
and 30.5. Another important observation is the appearance of additional peaks or a
doublet in place of a singlet in HNaK(3)X, HNaRb(3)X and HNaCs(3)X samples,
even after washing them thoroughly. The appearance of additional peaks leads
either to a transformation of a lattice to a lower symmetry or to the occlusion of
salts of K, Rb, Cs. When XRD data for the exchanged samples D, C and B from
Figure 1 were analysed by a computer programme, it did not reveal any change to
lower crystal symmetry. This suggests the occlusion of alkali halogenides (formed
during cation exchange by alkali halides) in sodalite cages and hexagonal prisms
formed through 6- and 4-membered rings.

FRAMEWORK IR SPECTRA

Framework IR spectra are listed in Table III along with the band assignments in
accordance with the convention followed in the literature [15, 16]. A shoulder band
around 1080 cm~}, a strong band around 975 em~! due to the symmetric stretch
[vs (T-0)], a doublet [vs (O~T-0)] around 740 cm~! and 680 cm ™!, a band around
560-570 cm~! due to the double six ring (D6R) and a band due to T-O bending
deformation around 460-470 cm™! are in close agreement with those reported in
the literature [15]. All the exchanged samples from Table III do exhibit an IR band
near the same positions (with slight changes in their position only in some cases).
The change in the position may be due to the change in the mass numbers affecting
the reduced masses in the evaluation of the force constant. The frequency of the
shoulder band around 1080 cm~! due to the asymmetric [vas (ALSi-O)] stretch
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TABLE IV. Thermoanalytical data for series of alkali metal exchanged type

X zeolites.

m DTA DTA end temp. Si-Al
Zeolitic loss of HO  minima  for chemically lattice
product (%) (K) sorbed water destruction

X K)

NaX 22.63 449 700 1109
HNaK(1)X 21.42 - 642 1144
HNaK(2)X 20.98 450 689 1150
HNaK(3)X 20.20 449 700 1167
HNaRb(1)X 20.32 454 620 1141
HNaRb(2)X 18.84 459 621 1152
HNaRb(3)X 18.70 455 646 1160
HNaCs(1)X 19.20 454 610 1152
HNaCs(2)X 17.82 456 610 1169
HNaCs(3)X 16.00 454 607 -

varies in the range 1200-800 cm™!. A strong band due to the symmetric stretch
around 970 cm~! varies in its position in the range 980-960 cm~!. Similarly
there is no definite trend with degree of exchange or with the nature of exchange
cations in the frequency of a doublet around 750-680 cm~!. It is found that the
frequency decreases with an increase in the degree of exchange. This may be due to
some dealumination [17] during ion-exchange treatment. Compositions of the ion
exchanged samples listed in Table I do not account for significant dealumination.
It is probable, therefore, that AT knocked out during ion exchange becomes
occluded in the solid as non-framework intrazeolitic species which are not removed
after thorough washing, probably due to their occlusion in cages formed by 6-
and 4-membered rings. This may be reflected in the enhanced thermal stability
(discussed below) of the cation exchanged sample. The frequency of most of the
bands including that due to (Od) T-O bend do not show any definite trend with the
degree of exchange and the nature of exchanged cation.

THERMAL PROPERTIES

Usually the thermal properties are modified by different degrees of cation exchange
with different extra-framework cationic species. The thermal properties of the series
of alkali metals exchangedtype X zeolite are summarized in Table TV.

TG curves showed that the desorption of physically sorbed water up to 460 K
followed by the loss of hydroxyls and other forms of water up to 700 K in almost all
cation exchanged zeolites. The temperature of complete dehydration was around
700 K in NaX; in KX series zeolites, however, it decreased in the RbX series to
645-620 K and in the CsX series to 610 K. The percentage loss in weight up to
700 K due to desorption of physically sorbed water (up to 460 K), hydroxyls and
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Fig.2. Thermal properties of (A) wt.-% loss and (B) upper limiting temp. for exotherm (1)
K™ exchanged, (2) Rb* exchanged, and (3) Cs* exchanged type X zeolites.

other forms of water decreases with the degree of alkali metal exchange in zeolites.
It decreases from 22.63 wt.-% for NaX to 20.2 wt.-% in HNaK(3)X to 18.7 wt.-%
in HNaRb(3)X and to 16.0 wt.-% in HNaCs(3)X. Figure 2A shows the systematic
decrease in the percentage loss in weight due to dehydrations in different alkali
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TABLE V. Surface area and void volumes of the series of alkali metal
exchanged type X zeolites.

Void volume (mL, g~ 1) Surface area (m%, g™")
Zeolite Dubinin BET Langmuir Langmuir BET
NaX 0.35 0.32 0.35 998 925
HNaK(1)X 0.32 0.29 0.32 912 834
HNaK(2)X 0.31 0.28 0.30 870 805
HNaK(3)X 0.30 0.28 0.30 860 794
HNaRb(1)X 0.30 0.27 0.29 831 765
HNaRb(2)X 0.29 0.25 0.28 799 721
HNaRb(3)X 0.26 0.25 0.26 742 705
HNaCs(1)X 0.27 0.24 0.27 771 683
HNaCs()X 026 022 025 730 636
HNaCs(3)X 0.23 0.20 0.23 648 587

metal exchanged type X zeolites. The decrease in the amount of physically sorbed
water up to 460 K in cation exchanged type X zeolites is due to the larger cationic
size of incoming cations compared to that of Na* and thus it leads to a reduction
in the void volume available for sorption. All the DTA curves were characterized
by a broad low temperature endotherm around 460 K due to the desorption of
physically sorbed water. The temperature of the minimum of the endotherm may
be taken qualitatively as a measure of the strength of a physical bond between
sorption centres and extra-framework cations i.e. Na™, K+, Rb™ and Cs™. The
temperature of the minimum of the endotherm shifts slightly to higher temperature
from 449 K in NaX to 460 K in HNaRb(2)X. This demonstrates the comparatively
stronger bonding of water molecules in RbX and CsX. Another striking feature of
the DTA curves is the small but sharp high temperature exothermic process (usually
considered [18] as a measure of thermal stability or the breakdown temperature
of the zeolite lattice). It is seen from Table IV that the end temperature of the
exotherm increases from 1109 K for NaX to 1167 K for HNaK(3)X, in the KX
series and to 1160 K for HNaRb(3)X in the RbX series and the exothermic process
not ending up to 1273 K in HNaCs(3)X. Figure 2B shows a systematic increase in
the thermal stability of alkali metal exchanged type X zeolite. The increase in the
thermal stability of these exchanged zeolites may be due to possible dealumination
taking place during cation exchange. Alternatively, the increased basic character of
the exchanged zeolite from Na™ to Cs™ may also be responsible for the increased
thermal stability of the zeolite.

SORPTION PROPERTIES

The modification brought about in the zeolite voids on account of the cation
exchange are usually studied by sorption of different molecules whose critical
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Fig. 3. Nitrogen sorption isotherms at 78 K in (1) NaX, (2) HNaK(3)X, (3) HNaRb(3)X, and
(4) HNaCs(3)X.

diameter is comparable or lower than the pore opening of the zeolite lattice. Low
temperature (78 K) nitrogen sorption helps to estimate the specific surface area
and consequently the void volume of different cation exchanged zeolites. Low
temperature nitrogen sorption isotherms in typical cation exchanged type X zeolites
and zeolite NaX are shown in Figure 3. Isotherms for cation exchanged zeolites
approach more towards the Langmuir model. Table V lists the specific surface
areas of the cation exchanged samples from the low temperature nitrogen sorption
data by applying the BET and Langmuir sorption models. Table V also lists the
void volume obtained by applying the Dubinin-Radushkevich equation [19] along
with the BET and Langmuir models. It has already been reported [20] that the
Langmuir equation yields linear plots over a wide range of relative pressure (0.75)
whereas the BET plots were linear over a narrow range of relative pressure (0.15).
This is in accordance with the logical expectation of the lower probability of the
multilayer formation in the zeolite voids based on which the BET model is derived;
on the other hand, monolayer formation seems to be likely in the zeolite voids.
The BET surface areas decrease from 925 m* g~' for NaX to 794 m? g~ for
HNaK(3)X, to 705 m? g~! for HNaRb(3)X, and to 587 m®> g~! for HNaCs(3)X.
Void volumes also follow the same trend. The BET void volume decreases from
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0.32 mL g~! for NaX to 0.20 mL g~ ! in HNaCs(3)X. The Langmuir void volume
also decreases from 0.35 mL g~! for NaX, to 0.23 mL g~! in HNaCs(3)X. The
Dubinin void volume is higher than both the Langmuir and the BET void volume.
The Dubinin equation takes account of the drop in surface potential with the
progressive increase in the surface coverage and Dubinin plots were found to be
linear up to a relative pressure of 0.8. Multilayer formation and/or condensation at
higher relative pressure (> 0.85) may lead to higher estimation of the void volume
obtained by the extrapolation of the Dubinin plot. Figure 4 shows the systematic
decrease in both the Dubinin void volumes and BET surface areas with the increase
in the degree of alkali metal exchange and also with the increase in the size of alkali
metal species. The cation site selectivity might have also caused the decrease in the
available void volume in the framework of different alkali metal exchanged type
X zeolites.

CHEMICAL POTENTIAL/SORPTION SELECTIVITY

A decrease in the chemical potential takes place when a gas at a standard pressure
Py is transferred reversibly and isothermally into an infinite amount of sorbate—
sorbent mixture over which the equilibrium pressure is P. If the nonideality of
the gaseous sorbate, like nitrogen, is neglected, the chemical potential may be
expressed as [21]:

Ap = RT In(P/P)

The value of Ay is taken [22] as the measure of the chemical potential of the
sorbate at the sorbent surface. Also at the fixed equilibrium pressure the measure
of the chemical potential provides the sorption selectivity of a particular sorbent.
Figure 5 exhibits systematic variation in the chemical potential as a function of
coverage for nitrogen sorption in different alkali metal exchanged type X zeolites.
It is seen from Figure 5 that the chemical potential decreases with the increase
in the degree of exchange with alkali metal ions. The sorption selectivity follows
the sequence NaX > HNaK(1)X > HNaK(2)X > HNaK(3)X > in a typical series
and NaX > HNaK(3)X > HNaCs(3)X > HNaRb(3)X. In general, the chemical
potential decreased with the amount sorbed and the decrease was much sharper
in the higher coverage region, probably on account of condensation or multilay-
er formation. Similar results have been reported [20]for RE3*, La3*t, and Ca?*
exchanged zeolites of faujasites.

EQUILIBRIUM SORPTION CAPACITIES

The modifications brought about in the void volumes of different framework zeo-
lites are also studied by equilibrium sorption capacities of probe molecules of dif-
ferent sizes and polarities. Sorption of comparatively smaller and polar molecules
like water helps to determine the hydrophilic and/or hydrophobic character of the
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(2) Rb exchanged, and (3) Cs™T exchanged type X zeolites.

zeolite framework as well as the extent of aluminum incorporation in the solid.
n-Hexane, being a non-polar, cylindrical molecule gives the measure of the total
void volume of the zeolite. Unlike water, n-hexane, however, cannot penetrate the
polyhedralike hexagonal prism and sodalite cage (5 cage) on account of the smaller
size of their entry windows. Similarly benzene, cyclohexane and 1,3,5 trimethyl-
benzene (TMB), with still larger molecular sizes, give a measure of changes only
in the supercage (a-cage) cavities. Figure 6 represents the kinetics of sorption
of water, n-hexane, benzene and cyclohexane in a typical series of alkali metal
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HNaRb(1)X, and (8) HNaRb(3)X.

exchanged type X zeolites. It is seen from Figure 6 that the sorption rate decreases
with the increase in the degree of exchange.

Similarly Figure 6 shows that equilibrium sorption capacities at (P/Fy = 0.5)
and 298 K also decrease with the increase in the degree of exchange and also
with the increase in the ionic size of the exchange cation. The striking feature of
Table VI is the higher sorption of benzene compared with that of n-hexane inspite
of the greater molecular size of the former (5.85 ;\) compared with that of the
latter (4.2 A). Benzene is comparatively spherical in shape, whereas n-hexane is
cylindrical; and hence the packing of benzene is expected to be closer than that of
n-hexane. At the same time, bonding offers some polarity to benzene and hence
becomes cation-specific compared to only the volume filling character of almost
nonpolar n-hexane. Sorption of benzene decreases from 40.2 molecules/u.c. in NaX
to 36-35 molecules/u.c. in higher exchanged KX and RbX samples. Surprisingly,
the benzene sorption capacity remains almost.unaffected by the degree of Cs
exchange. The sorption capacity of n-hexane decreases from 29.2 molecules/u.c.
in NaX to 21-22 molecules/u.c. in higher alkali metal exchanged samples. It also
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Fig. 6. Sorption kinetics for (A) n-hexane, (B) water in (1) NaX, (2) HNaK(1)X, (3)
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(4) HNaRb(3)X, and (D) cyclohexane in (1) NaX, (2) HNaCs(1)X, (3) HNaCs(2)X, and (4)
HNaCs(3)X.

decreases monotonically with the increase in the degree of exchange. The sorption
of larger cyclohexane molecules (6.8 /0\) and that of n-hexane (4.2 A) is 29.3
molecules/u.c. in NaX zeolite. The sorption of cyclohexane is lower than that of
benzene but decreases negligibly with the degree of exchange. The sorption of
n-hexane, however, decreases monotonically with the increase in the degree of
exchange. This also shows that packing of the larger but spherical cyclohexane
is least affected. However, the packing of the smaller but cylindrical nonpolar

n-hexane molecule seems to be affected by the introduction of larger alkali metal
cations.
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The sorption capacity of TMB is lower than that of benzene, cyclohexane and
n-hexane. It decreases with the degree of exchange from 25.7 moleculesfu.c. for
NaX to about 19-20 molecules/u.c. in HNaK(3)X, HNaRb(3)X and HNaCs(3)X.
This is in accordance with the larger molecular size among the sorbate molecules
used.

The equilibrium sorption capacity of water in NaX is 236 molecules/u.c. and
this is in close agreement with the literature value [14]. It then decreases with the
degree of exchange up to 198 molecules/u.c. However, the observed decrease in
the water sorption with the degree of exchange and the nature of the alkali metal
cation may be due to the larger cationic size and may also be altered due to the
cation distribution among the available cation sites. This is then responsible for
the reduction in the available void volume. Water is sufficiently smaller in size to
enter the cages and hexagonal prisms to interact with cations located therein.
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