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Abstract

Pure and well crystalline NaX zeolite with Si/Al = 1.5 was prepared by hydrothermal crystallization from the Na,O-Al,O3—
Si0,—H,0 system. The hydrothermal crystallization was carried out under autogeneous pressure and at static condition at 368 K.
The post-synthesis modification was achieved by following conventional ion-exchange technique to obtain K, Rb* and Cs™-
exchanged forms of NaX zeolite. Compositional and structural investigations of parent sample and the samples with nearly equal
population of cations with different sizes were performed by independent methods such as chemical analysis, IR, SEM, powder
XRD, low temperature nitrogen adsorption. Thermal analyses data for these samples were obtained by TG/DTG/DTA and
employed to evaluate the water desorption behavior. The dehydration of zeolite-type X and its modified forms was found to
follow the first-order kinetics irrespective of the size of monovalent extraframework cations. Depending upon the size of
extraframework cations, activation energy was found to vary from 25.4 to 27.3 kJ mol™~". Enthalpy change (AH) values for
dehydration process calculated from differential scanning calorimetric (DSC) data was found to follow the sequence
NaX < NaKX < NaRbX < NaCsX in the range of 630-685J g~ !. The thermal stability of these samples was found to
depend on their basic character. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction characteristics like: (1) three-dimensional lattice

having uniform pores of molecular dimensions; (2)

Over the past few decades, zeolites have shown
[1,2] great potential for a number of applications
in various fields such as adsorption, separation, ion
exchange and catalysis due to their peculiar structural

“ Corresponding author. Tel.: +91-20-5890976;
fax: +91-20-5890976.
E-mail address: vps@cata.ncl.res.in (V.P. Shiralkar).

high internal surface area; (3) high ion-exchange
capacity and (4) remarkable thermal and hydrothermal
stability. The post-synthesis modification of zeolite by
ion exchange is one of the approaches to tune the
physico-chemical properties that are favorable for a
particular application.

Zeolite of type X has a tremendous potential [3] in
adsorptive, ion exchange and catalytic applications. The
zeolite X, an aluminum-rich end member of faujasite
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family possesses a comparatively large number of
exchangeable cations and a higher framework charge.
The structural arrangement of the framework cations
and population of nonframework cations in different
sites with/without univalent ion exchanged forms of
zeolite X have been well documented [4-11]. The
mobile nonframework cations are located in cavities
in the channel walls and coordinated with the water
molecules within the channel [12].

Earlier calorimetric [13] and infrared spectroscopy
[14-18] studies on water adsorbed by alkali metal
exchanged X-type zeolites have shown that a wave-
like dependence exists between the heat of adsorption
and the amount of water adsorbed. This suggests that
water molecules present in the zeolites possess several
association states of different energies. Until recently,
only scarce attention has been paid to investigate the
water desorption from X-type zeolites containing
equal amount of monovalent extraframework cations
with different sizes by thermoanalytical techniques. It
was therefore thought interesting to investigate the
water desorption mechanism, order and activation
energy of dehydration reaction and thermal stability
as a function of size of monovalent extraframework
cations in X-type zeolites using thermoanalytical
techniques. Other techniques such as chemical ana-
lysis, IR, SEM, powder XRD, and low temperature
nitrogen adsorption were used for physico-chemical
characterization of the samples.

2. Experimental
2.1. Materials

Zeolite NaX was synthesized from sodium alumino-
silicate gel having the oxide mole ratios: SiO,/Al,O03 =
3.0, Na,O/H,O = 0.025 and Na,O/SiO, = 1.2 by
hydrothermal crystallization at 368 K for 8 h. The
solid product was recovered by suction filtration
and washed several times with hot water to remove
excess alkali. The product was then dried in an air at
383 K for 8 h. The post-synthesis modification of
NaX was carried out by conventional ion-exchange
technique, using 5 wt.% of aqueous solutions of
K-, Rb- and Cs-chloride salts. The aqueous salt solu-
tion was taken in the proportion of 15mlg ' of
zeolite, for each exchange experiment. The higher

degree of exchange was achieved by repeating the
cation exchange treatments at 368 K. The solid was
separated by suction filtration and then washed with
distilled water until the wash water is free from
chloride. The solid was then dried in an air oven
maintained at 383 K for 8 h. From the various mod-
ified forms, three samples were selected on the basis
of almost identical degree (55.5 & 2.5) of exchange by
K", Rb" and Cs™ cations.

The parent NaX and other three selected alkali metal
exchanged zeolite X samples were moisture equili-
brated over saturated solution of NH4Cl in closed
desiccator prior to the any further investigations.

2.2. Apparatus and measurements

The phase purity and crystallinity of the as-synthe-
sized and exchanged forms were examined by powder
X-ray diffraction. The powder XRD patterns were
collected over 26 range of 5-40° using Ni filtered
Cu Ko (4 = 1.54041 A) radiation using a Rigaku D
Max-III VC X-ray diffractometer.

The chemical composition of parent and exchanged
samples was determined by following the procedure
described elsewhere [19]. In case of exchanged sam-
ples, the amount of sodium was also estimated by
atomic absorption spectrometer from the filtrate col-
lected after ion-exchanged treatment to confirm the
degree of exchange.

Surface area measurements were carried out by low
temperature (78 K) nitrogen sorption using a BET
volumetric apparatus following the procedure des-
cribe earlier [20].

The thermal analyses DSC and TGA were carried
out using Perkin-Elmer DSC-7 and Perkin-Elmer
TGA-7 thermogravimetric analyzer under the nitrogen
purge. The reported DSC plots were registered in
dynamic N, flow (20 cm® min~ ) at the heating rate
of 10 Kmin ' and about 5 mg sample was taken in
50 pl sealed aluminum capsules as sample containers.
The DSC base line was run from 323 to 573 Kunder the
same condition. The DSC equipment was calibrated
using indium as a reference material with an observed
transition temperature 429.55 K and enthalpy change
28.43J g '. DTA curves were recorded in air atmo-
sphere at the heating rate of 10 Kmin~' (model
Setaram TG/DTA-92) using preheated and finely
powdered a-alumina as a reference material.
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Framework IR spectra of all the samples were
recorded on a Pye-Unicam SP-300 spectrometer using
a Nujol as a dispersing medium and polystyrene as a
reference material.

The crystallite size and morphology of all the
samples under investigation were examined by scan-
ning electron microscope (model JEOL, JSM-5200,
Japan). The samples were sputtered with gold to
prevent surface charging and to protect them from
thermal damage by the electron beam.

3. Results and discussion
3.1. Physico-chemical characteristics

The powder XRD profiles of parent and modified
samples essentially showed all the characteristic peaks
closely matching with the reported [21]. The absence
of impurity peak(s) and amorphous halo [22] region
indicated highly pure and crystalline nature of all the
phases under investigation. Upon modification by
conventional ion exchange, the relative intensity of
the characteristic peaks was found to change without
any shift in the respective peak positions. An alteration
in the scattering power of X-rays due to the variation in
the charge-to-size ratio of extraframework cationic
species and framework distortion to some extent
seems to be responsible for such observed changes
in the relative intensities.

The details regarding designations, compositional
and textural characteristics of the samples investigated
in the present studies are summarized in Table 1. The
number of exchanged extraframework cations deter-
mined by chemical analysis was found to be in close
agreement with the number of sodium cations deter-
mined from the effluent collected after ion exchange

followed by washing. Similarly, the framework com-
position (represented by square bracket in Table 1) of
all the modified samples showed a close resemblance
with that of the parent sample. It is seen from Table 1
that, depending on the nature and concentration of the
exchanged cations, the number of unit cell per gram
was found to vary in the range of 3.13 x 10—
4.46 x 10", The number of unit cells per gram in
exchanged forms was found to decrease with the
increase in the size of exchanged cations. Table 1 also
includes the intermediate electronegativity (Sj,) of
each sample and the partial charge on the oxygen
atom (Jp) evaluated using Sanderson’s electronega-
tivity equalization principle [23]. It is clearly evident
from the values of Sj,, and Jg that, these values
changes as the size of extraframework cations changes
in samples with isostructural features. Increase in the
size of the monovalent extraframework cations seems
to be operative in (i) lowering the intermediate elec-
tronegativity of the material and (ii) increasing the
mean charge on the framework oxygen. Thus, when
the framework negative charge is compensated by
cations with low electronegativity, the charge on the
framework oxygen increases which in turn increases
the intrinsic framework basicity.

Low temperature nitrogen adsorption data were
analyzed to estimate the specific surface area and
micropore volume by applying the conventional
BET and Dubinin—Radushkevich equations. It is
clearly evident from Table 1 that, both the BET surface
area and micropore volume decrease with the increase
in the cationic size of exchanged cation. However, no
linear corelationship between the difference in the
kinetic diameter of the exchanged cations and corre-
sponding increase or decrease in the values both the
BET surface area and micropore volume has been
observed.

Table 1

Compositional and textural characteristics of parent and cation exchanged X-type zeolites

Sample Unit cell composition Unit cells  Intermediate Mean charge BET Micropore

designation (on anhydrous basis) per gram electronegativity on oxygen surface area  volume
(x107"%)  (Sin) atom (3o)  (m*g™) (mlg™)

NaX Nagg 4[(A102)g9 4(S102)102.6] 4.46 3.230 0.417 925 + 27 0.350 £ 0.010

KNaX K47.38Nag502[(AlO2)59.4(Si02)102.6] 422 3.115 0.441 834 £+ 25 0.321 £ 0.009

RbNaX Rb738Nay; 02[(AlO02)g9 4(S102)102.6] 3.66 3.081 0.448 721 + 22 0.280 £ 0.008

CsNaX Css1.85Na37.55[(A102)g9 4(S102)102.6] 3.13 3.008 0.464 587 + 17 0.230 £ 0.007
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The mid-infrared region of the framework IR spec-
tra (200-1300 cm™ ") is useful to provide structural
information as it contains the fundamental vibrations
of the Si(Al)O4 groupings. The obtained IR spectrum
of parent sample is in close agreement with the
reported literature [24]. The framework IR spectra
of the modified samples revealed no shift to higher
frequency in the band at 974 and 673 cm ™', assigned
[24] to stretching modes, which are sensitive to frame-
work Si/Al composition. Thus, it seems that no deal-
umination has occurred during the ion-exchange
procedure. It was, therefore, concluded that frame-
work composition (Si/Al ratio) remained unaltered
during the cation exchange process followed in the
present studies. Chemical analyses data also support
this conclusion.

The SEM photographs of the parent and all the
modified forms have shown the crystallites of 2—3 pm
size and nearly of spherical shape.

The results of powder XRD, framework IR, chemi-
cal analysis and SEM clearly indicate that the mod-
ification by ion-exchange technique has not resulted
in any change as far as framework composition (Si/Al
ratio), phase purity, crystallinity and crystallite size of
parent NaX and its exchange forms are concerned.

3.2. Thermal behavior

Thermoanalytical techniques have been found to
[25,26] yield information on the mechanism as well as
the thermal behavior of zeolites. In the present studies,
an attempt was made to investigate the thermal proper-
ties of samples with different chemical composition
having the same structural features using thermo-
analytical techniques such as TG/DTG, DTA and
DSC. Typical TG and DTG thermograms for the
parent NaX and its exchanged forms KNaX, RbNaX
and CsNaX in the temperature range of 300-1200 K
are shown in Fig. 1(a) and (b), respectively. TG curves
of all the samples show smooth mass loss and are
devoid of any distinct steps. The striking feature of
these curves is that desorption of water starts at the
same temperature whereas the completion occurs at
different temperatures for different samples. Gener-
ally, the zeolites undergo endothermic changes
between 300 and 700 K, due to desorption of zeolitic
water [27]. It can be seen from Fig. 1 that the
dehydration was complete at 700 K in case of NaX,
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Fig. 1. (a) TG and (b) DTG thermograms of: (1) NaX; (2) NaKX;
(3) NaRbX and (4) NaCsX recorded at a heating rate of 10 K min~!
under nitrogen atmosphere.

whereas at 607, 583 and 574 K for KNaX, RbNaX and
CsNaX samples, respectively. Thus, the temperature
required for complete desorption of water decreases
with the increase in the size of nonframework cations.
This can be explained on the basis of the order of
regularity in the network formed by water molecules
and the extent of various water molecule interactions.
Water molecules are expected to interact mainly with
nonframework cations, framework oxygen ions and
preadsorbed water molecules [28]. However, nature of
the nonframework cations is a key parameter involved
in governing water—cation, water—oxygen and water—
water interactions. As far as water—cation interactions
are concerned, it is obvious that cations with higher
electropositive character will interact more strongly
with the unshared electron pair of the H,O oxygen
atom. Therefore, greater extent of water interaction is
expected in case of NaX as compared to the rest of
samples. It is also clear from Table 1 that; cation with
less electropositive character seems to be operative in
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Table 2

Quantitative estimation of micropore filling capacity using TG curves

Sample Mass loss (%) Mass loss ‘Water molecules Micropore volume occupied
designation (on anhydrous basis) (%) desorbed per unit cell by water molecules (ml g’l)
NaX 25.00 + 0.5 33.33 249.9 0.333
KNaX 2340 £ 0.5 30.55 242.16 0.305
RbNaX 19.80 + 0.5 24.69 225.79 0.246
CsNaX 16.90 £ 0.5 20.33 217.33 0.203
enhancing the mean charge on the framework oxygen. -5.2
Hence, formation of the hydrogen bond between 1
one of the hydrogens of water molecule and nearest
framework oxygen will be favored when the larger 544
monovalent cation acts as charge balancing cation. 1
Thus, water—oxygen interactions are favored in NaX 56
as compared to all other modified forms. Furthermore,
a reduction in the available micropore volume (as — 1
shown in Table 1) due to the exchange of larger Ti 5.8
nonframework cations may be responsible for lower- E
ing the packing efficiency of water molecules. Thus, in § ]
conclusion, the temperature required for complete & -6.0-
desorption of water depends in the extent of various _8_’
water interactions which are mainly depends on the ]
size of nonframework cations. 624 o Nax
The quantitative estimation of the total mass loss ] e NaK(53)X
obtained from thermal analysis data is tabulated in 64l O NaRb(EIX
Table 2. While considering the total mass loss per e —momNaCs(SS)X
gram of anhydrous sample, it is of prime importance to S i . ——

consider number of water molecules desorbed per unit
cell because the number of unit cells per gram of
anhydrous sample varies depending upon the nature
of nonframework cations. Therefore, the total mass
loss obtained from thermal analysis data was corrected
on anhydrous basis and then further treated for the
estimation of the water molecules desorbed per unit
cell. If amount of water molecules desorbed per unit cell
was taken as a measure of hydrophilicity, following
hydrophilicity trend was observed:

NaX > KNaX > RbNa > CsNaX

The extent of micropore volume occupancy by water
molecules was evaluated from the amount of total
water loss. It is evident from Tables 1 and 2 that, about
95% of the total micropore volume estimated from
nitrogen adsorption data was occupied by water in
case of NaX zeolite, whereas it is about 88% in case

0.|24 0.|26 l 0.28 0.30
(1/T)x 107

T
0.18 020 0.22

Fig. 2. Fit of experimental data for confirming the first-order
dehydration process.

Table 3
Analysis of TG/DTG data and average activation energy (E,) as a
function of cationic size

Sample Endothermic Mass loss E,{J mol™h)
designation  minima at Tinin (%)

temperature, Ty, (K)
NaX 425 £ 1 13.7+£ 0.5 254
NaK(53)X 422 +1 1.7+ 05 27.0
NaRb(53)X 422 £+ 1 89+05 272
NaCs(58)X 421 + 1 6.8+ 0.5 274
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Fig. 3. DSC thermograms of: (1) NaX; (2) NaKX; (3) NaRbX and
(4) NaCsX recorded at a heating rate of 10 K min~" under nitrogen
atmosphere.

26

Table 4
The DSC thermal analysis data

Sample Temperature  Endothermic peak AH(J g™
designation  range (K) temperature, Tp.x (K)

NaX 330-742 507 + 1 685 + 2
KNaX 330-745 509 + 1 675 + 2
RbNaX 330-747 516 + 1 645 + 2
CsNaX 330-750 513+ 1 630 + 2

of CsNaX zeolite. Thus, the size of extraframework
cation was found to influence the extent of micropore
volume occupancy by water molecules.

In order to investigate the energetics and the
kinetics of dehydration process in samples with vary-
ing cationic size, the parameters such as activation
energy and order of reaction were calculated. The
process of dehydration of zeolites is reported [29,30]
similar to the reaction type

A (solid)=B (solid) + C (gas) (1)

and is usually described by the well-known kinetic
equation [29]
do

5 = Aoe (1 — )" )

25 S
24 4
23
22 -
21 4

20

TG mass loss / %

19 4

18

b CsNaX
17 T

NaX

T T T T
630 640 650

T T T T T T 1
660 670 680 690

AHJ g’

Fig. 4. The corelationship between percentage mass loss and AH for parent and modified forms of X-type zeolites.
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where o is the degree of conversion, Ay, E, and n are
constants representing the frequency factor, activation
energy and order of reaction, respectively. The value
of n evaluated separately from DTA endothermic
peaks using “‘shape index” factor (S) by Kissinger’s
method [29]. The calculated values of n are nearly
equal to 1 (1.06 +0.04) which indicates that the
dehydration of zeolites studied follows first-order
kinetics [31]. With n =1, Eq. (2) coincides with

Barrer’s equation [32]. The order of the reaction
was also confirmed by the linearity of a plot
—log [—log (1 — «)/T?] vs. 1/T as depicted in Fig. 2.
The average activation energy values calculated by
applying the Coats—Redfern equation [31] to the TG/
DTG data are summarized in Table 3. The values of E,
were found to depend on the size of nonframework
cations and were found to lie in the range of 6.06—
6.53 kcal mol ™", Furthermore, the values obtained for

~— ENDO - AT - EXQ —=

0 273 673

T/ K

873 1073 1273

Fig. 5. DTA thermograms for: (a) NaX; (b) NaKX; (c) NaRbX and (d) NaCsX.
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the minima of DTG endotherm (7y,;,) and percentage
mass loss at T,,;, suggest that the rate of dehydration
depends upon the nonframework cationic size. This
may be attributed to the total water content in micro-
pore volume of the zeolite and the extent of various
water interactions.

In view of proven higher precision of DSC signals
that exhibit identifiable peaks with high sensitivity as
compared to DTA signals [33-35], the DSC technique
was used to determine water desorption behavior in
the present studies. The DSC thermograms were
obtained for the samples used in TG analysis and
are shown in Fig. 3. The figure shows that, in all the
cases a large single endothermic peak due to deso-
rption of water was obtained in the temperature range
from 300 to 750 K. It is interesting to note that,
eventhough zeolite Y belongs to the same class as
zeolite X, protonic form of Y zeolite has shown [34]
two widely separated endotherms due to water deso-
rption from large supercage and small -cages.

The DSC thermal analysis data for NaX and its
exchanged forms are tabulated in Table 4. The water
content is comparatively measured in terms of
enthalpy change (AH). The AH values are evaluated
using “‘peak integration”. The obtained value of AH
was found to be in the range of 630-685J g~ '. This
indicates that enthalpy change values (AH) also
decrease with the increase in the size (i.e. decrease
in charge density) of nonframework cations. The trend

observed for AH values of the samples under study is
the same as the percentage mass loss obtained from
TG. It indicate that parent NaX has higher AH value
than the K-, Rb-, Cs-exchanged forms.

Fig. 4 gives a correlation between percentage mass
loss due to water desorption obtained from TG ther-
mograms and the values AH obtained from DSC
thermograms for water desorption. Since AH is related
to mass [35], the linear plot obtained in the figure
indicates that TG mass loss increases with the increase
in AH. Moreover, the ratio of AH to TG mass loss
percentage was found to increase with the increase in
the nonframework cationic size indicative of depen-
dence of the water desorption on nature and size of
nonframework cations in zeolite.

Thermal stability of zeolites is an important para-
meter for their application in various fields. It is known
[36] that thermal stability of the zeolitic framework
increases with the increase in Si/Al ratio. As described
in Section 3.1, all the samples investigated in the
present studies have shown identical framework Si/
Al ratio. Therefore, the influence of the size of non-
framework cations on their thermal stability was
investigated on the basis of almost identical popula-
tion of different monovalent cations. The temperature
of the maximum of the high temperature exotherm in
DTA thermograms is often taken [37] as a criterion for
the thermal stability of the zeolitic framework. Fig. 5
illustrates the DTA curves of NaX, NaKX, NaRbX and

0.47 3.25
0.46 - 4320
0.45 1 43.15

o 0:44- 3
& ] da10
0.43 4 T
| 43.05
0.42 4
] J43.00
0.41 —
1160 1170 1180 1190 1200 1210 1220

Lattice Destruction Temp. / K

Fig. 6. Dependence of lattice destruction temperature on the intermediate electronegativity of the material and the framework oxygen charge.



U.D. Joshi et al./ Thermochimica Acta 387 (2002) 121-130 129

NaCsX sample and it was revealed that the lattice
destruction temperature for these samples occur at
1166, 1195, 1205 and 1220 K, respectively. This indi-
cates that not only framework Si/Al ratio is respon-
sible for the thermal stability of particular zeolite but
also the size of the nonframework cations. This can be
attributed to intermediate electronegativity and charge
on the framework oxygen. Fig. 6 depicts the corela-
tionship established between the lattice destruction
temperature and the intermediate electronegativity
and charge on the framework oxygen. It is clearly
seen from the figure that, as intermediate electrone-
gativity of the material increases, the lattice destruc-
tion temperature was found to decrease. On the
contrary, the lattice destruction temperature was found
to increase with the increase in the charge on frame-
work oxygen. This can be associated with [38] the
changes in the Si—-O—Al bond angle and T-O distances
favoring the thermal stability of the zeolitic lattice.
Thus, if oxygen charge is treated as the measure of the
basicity, thermal stability of zeolite was found to
increase with the increase in the basic character of
the zeolite.

4. Conclusions

Upon modification by ion-exchange technique,
no change has been observed in the framework com-
position (Si/Al ratio), phase purity, crystallinity and
crystallite size of parent NaX and its K*-, Rb"- and
Cs"-exchanged forms. However, the textural charac-
teristics such as surface area and micropore volume
evaluated from the low temperature nitrogen adsorp-
tion isotherm data showed the dependence on the size
of the nonframework-exchanged cation.

The thermoanalytical data obtained from TG/DTG
and DTA showed that the temperature required for
complete desorption of water decreases with increase
in the size of nonframework cations. This can be
explained on the basis of the order of regularity in
the network formed by water molecules and the extent
of various water molecule interactions. The process of
dehydration in all the forms have shown follow first-
order kinetics indicating the independence of size of
nonframework cations on the order of dehydration
process in the present studies. Thermal stability of
zeolite was found to increase with the increase in the

basic character of the zeolite on account of the pre-
sence of larger and less electropositive nonframework
monovalent cation. The average activation energy E,
was found to vary in the range of 25.4 for parent NaX
zeolite to 27.3 kJ mol ™! for its exchanged forms. The
obtained value of AH was found to be in the range of
630-685J g_1 for these samples. Nearly linear corre-
lation was observed between AH and percentage mass
loss of water from zeolitic samples.
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