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Summary: NaX-Zeolite was converted to Zn forms by replacing sodium ions by zinc ions,
amounting to a replacement from 16.60 % to 62.90 %. Chemical, TGA and DTA analysis of
the zeolite samples was conducted and data on the composition of the unit cell (u.c.), zeolitic
water and thermal stability of the lattices were obtained. The percentage of exchange of Zn**
cations at 60 °C for a particular period decreased with increasing the concentration of Zn**
cations in the exchange solution. The zeolitic water contents of NaX and ZnNaX zeolites were
investigated by TGA up to 1000 °C. The TGA data indicated that all the samples of zeolites
after dehydration underwent a small change in weight, occurring higher temperature due to
dehydroxylation. The water content per u.c. was found to be larger in ZnNaX than in NaX. The
TG curves of lumpy nature indicated the formation of a series of intermediate structures during
dehydration. The minimum endothermic peak of dehydration shifted toward high temperature
for ZnNaX zeolites suggested HO molecules to be more strongly bonded to Zn®* cations than
Na® cations. The slight shift of exothermic peaks of DTA towards high temperature indicated
that ZnNaX zcolites are thermally more stable than NaX zeolite. The DTA curves indicated
that dehydrated NaX retained its crystal stability from 370 to 580 °C and NaX and ZnNaX
zeolites from 370-440 °C to 800 - 840 °C. NaX amorphized at ~ 960 °C and ZnNaX zeolites
amorphized at 920-990 °C depending on the % of exchange of Na' ions. The results are
discussed with respect to hydrated cations, possible sites they occupy in the zeolite framework,

the effect of extra framework cations and Si / Al ratio on thermal stability.

Introduction

Zeolites have a very open framework with
ultra fine pores of molecular dimensions in which
extremely high surface areas are developed; some-
times 1000 m? g [1], being typically of the order of
300-700 m* g"' [2-3]. The zeolites finding the largest-
scale application in catalysis belong to the family of
faujasites including zeolite X and zeolite Y, having
0.74 nm apertures (12-ring) and a three dimensional
phase structure. Their chief applications are in
catalytic cracking of petroleum molecules, giving
smaller, gasoline- range molecules [4]. The frame-
work structure of zeolite X is formed by connecting
each sodalite cage to four other sodalite cages; each
connecting unit is made up of six bridging oxygen
ions linking the hexagonal faces of sodalite units as
shown else-where [5]. The bridging oxygens form
what is called the hexagonal prism. There is a range
of faujasite compositions, with typical units cell
formula being [6]: Naj [(AlO,) ; (Si O3 )is24]. zH O,
where j ranges from 96 to 74 for zeolite X and z
drops respectively from about 270 to about 250 as Al
decreases. The X-ray data determined the exact

positions of cations present to balance the excess
negative charge of the AlQ, tetrahedra [7-9]. The
exchangeable cations can be located at various sites

[7]. :

The use of zeolites in the control of pollution,
including effluents polluted with heavy metal ions
[10-12], has recently increased [13-14]. Zeolites are
appropriate materials for removing heavy cations
from waste water because of their relatively low price
coupled with the harmlessness of their exchangeable
cations. Of the various zeolites available, synthetic X
zeolites have an open, negatively charged frame-
work [2]. The exchangeable cations located in super-
and beta- cages, are easily accessible whereas, others,
located in hexagonal prisms, have balancing cations,
which are exchanged under extremely favorable
conditions. The limiting dimensions of the apertures,
which control access to these small cavities, are
frequently given as a limiting factor of the ion
exchange  reaction. By  applying  suitable
combinations of ion  exchange, chemical
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modifications and thermal activation procedures,
zeolites have been tailored into suitable substrates for
important industrial operations [2, 15-16].

The present work provides basic information
on synthetic NaX and Zn types of X zeolites. It
includes their chemical composition, the effect of
various factors on % exchange, the zeolitic water and
the thermal stability of the crystalline lattices. The
zeolitic water was calculated by the % weight loss of
the zeolite sample up to 1000 °C and the thermal
stability was determined as a function of percentage
exchange of Na* ions. We used the position of the
exothermic peak in the DTA diagram to indicate
lattice breakdown.

Results and Discussion

The five NaZnX zeolite samples having
exchange levels of 16.60 %, 34.16 %, 37.27 %, 54.88
% and 62.90 % Na' replaced by Zn®" ions were
prepared by ion exchange technique given in Table-1
and were designated X/Zn (x) where x is the
percentage of Na' exchanged by Zn**. The Table
shows that in general, the percentage of exchange
decreases as the concentration of ZnCl, solution
increases. The factors responsible for this decrease
are ‘volume effect’ [17], ‘salt imbibent’ [18-19] and
‘concentration valency effect” [20}. These factors
have been discussed in detail elsewhere [21].

Table-1:Preparation and analysis of Zn™* exchanged X-zeolites

Zeolites InCl, Exchanged  No.ofNa' Formulae p.u.c
Mol dm™ Zn® Cations cations of anhydrous
% released ZnNa X-Zcolites*
p.u.ct
X/Zn (16.60) 0.0105 100 15.28 Zn7 63 Nan.nX
X/Zn (34.16) 0.0204 99.02 2940 Znyem Nasean X
X/2Zn (37.27) 00309 7123 32.06 Znyeps Nagyee X
X/Zn (62.90) 0.0396 9394 54.10 Znizans Nazjon X
X/Zn (54.88) 0.0500 64.9C 47.20 Zitar 0 Navewn X

+ p.uc. (per unit cell) is used for convenience
* X = [(AlO)m (SiOMw)™

It is generally assumed that type X zeolite
with the high charge density of its framework [Si/
Al= 1.2] has a higher affinity for cations of higher
charge. However, small divalent cations are highly
hydrated to displace the Na* ion in the small sodalite
cages, they must diffuse through a ring of six
tetrahedra (6-ring), the diameter of which is 0.25 nm,
which connect the sodalite cages and the super-cages.
This requires partial dehydration of the ion’s
hydration shell. Consequently, a strong influence of
the ionic radii on the exchange process is expected.

The typical thermograms of NaX and X/Zn
(37.27) and DTA profiles are included for
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comparison purposes in Figs. 1 and 2, respectively.
The thermograms of all zeolite samples studied were
continuous and smooth and showed that dehydration
started between 40 °C and 50 °C and the maximum
percentage weight loss (23.78 to 29.29) occurred at
about 370 — 440 °C and the dehydration completed at
about 842 to 950 °C, depending on the number of Na*
and Zn*" ions p.u.c. of the zeolite sample. The
relative data of thermal analyses are summarized in
Table-2. The lumpy nature of TG curves probably
results from the formation of a series of intermediate
structures. The thermograms showed continuous loss
of water with increasing temperature. This type of
isobar is typical of a stable zeolite structure [6]. In
zeolites that undergo dehydration reversibly and
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Fig. 1. Thermogra, of (a) NaX. and (b) X/Zn (37.27)
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Fig.2: DTA Profiles for (a) NaX and (b) X/Zn
(37.27) Zeolites.

continuously, there is no substantial change in the
topology of the framework structure. Exchangeable
cations, located in the channels coordinated with
water molecules may migrate to different sites,
located on the channel walls or other positions of
coordination. As zeolite X has several cation sites the
effect of dehydration may be pronounced. The water
molecules are present in clusters which seem to be
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Table-2:Summary of thermal analyses data of NaX and ZnNaX zeolites

Temperature °C of

Zeolites Loss in Mini. of Endothermic  Mini. of endothermic Completion of Maxi. of exothermic Zeolitic water
wt.% peak of peaks of recrystallization ~ dehydration peaks of crystal molecules p.u.c.
dehydration collapse

NaX 23.78 370 585,880 842 580,850 232

X/Zn (16.60) 24.66 370 850 875 825 253.42

X/Zn (34.16) 25.47 380 825,860 900 800,840 25745

X/Zn (37.27) 26.20 380 860,950 900 840,900 270.14

X/Zn (54.88) 26.38 440 845,940 900 820,890 273.18

X/Zn (62.90) 29.29 440 845,940 950 830,890 319.17

joined into a continuous intracrystalline phase. The
zeolite is referred to as a nonstoichiometric hydrate
because the water is present as a guest molecule in
the host structure [6). The TGA (Fig. 1) of NaX and
Zn** substituted forms gave curves of similar shape
and water loss occurred in stages in a wide
temperature range (Table-2). Increasing substitution
of Na* by Zn** in X zeolite causes the DTA curves to
smooth out because of energy homogenization of
adsorption centers.

The thermogravimetric curves in Fig. 1
correlate well with the DTA profiles in Fig. 2 and
show that there are at least two types of water, mobile
and immobile ones, in the narrow phase zeolites,
while there is only mobile water in the wide pore
zeolite [22]. The TGA curves showed that the
maximum weight losses occurred at 280 °C for NaX
and for ZnNaX zeolites at 280-340 °C, depending on
the % of exchange of Na* ions by Zn®" ions. This
water is assumed to be sorbed and free mobile water
inside the supercages and the water lost at above 280
°C was that forming hydration complexes with the
cations and near the periphery of supercage tightly
bonded to framework oxygens and in the small cages
and pores of the zeolite samples. A slight weight loss
in NaX at 842 °C and in ZnNaX zeolites at 875 to
950 °C may be due to dehydroxylation [15, 23). For
strongly polarizing cations, a water molecule yields a
hydroxyl bonded to the cation plus a proton, which
attaches itself to the framework oxygen (Ox).
Ultimately as the temperature rises, the hydroxyls are
destroyed with the expulsion of water

Zn(H,0) + OX ——»  Zn(OH)' + OxH (1)

2Zn(OH)’ ———  Zn'-0-Zn"+H,0 (2)

The reaction (1) does not occur until the
Zn*'(H,0), ions are dehydrated to the extent n=1

3

when the polarizing field of the partially unscreened
Zn*" is sufficient to dissociate the remaining water
molecules. In general, the dehydroxylation of zeolites
is slow and occurs in the temperature range of 500 —
800 °C [24]. It may not be accompanied by a distinct
weight loss step in the TGA curve but it shows a slow
and continuous weight loss up to 1 — 1.5 % in this
range.

Table 2 indicates that NaX zeolite contains
232 water molecules p.u.c. whereas the literature
reports it to be 243.6 [15] by weight loss at 800 °C
and 257 [25] by weight loss at 600 °C and 264 H,0O
p-u.c. {26]. The water content of NaX depends on the
number of aluminum ions in the zeolitic framework
[6]. The number of Al p.u.c. in NaX varies from 77 to
96. As the ratio Si/ Al decreases, the lattice constant
of the zeolite increases slightly in accordance with
the variation in Al - O (0.1728 nm) and Si - O [0.
1608 nm] distance and an increase in hydrophilicity.
Water molecules interact with extra framework
cations present in the zeolite and form hydrogen
bonds with negatively charged oxygen ions
associated with the zeolite lattice.

Table 2 indicates that the zeolitic water
increases with the increasing degree of exchange.
These results agree with those reported in the
literature [25, 27]. Coughlan and Carrol reported
259.2 H,O for NaX and 286 H,O for X/Zn (80.8),
Gal and Radovanov reported 257 H,O for Na X and
273 H;0 p.u.c. for X/Zn (77.77) Zeolite. The zeolitic
water increases with decrease in the cationic radius
and increase in the valency of the cation [25, 27]. The
size and number of cations in u.c. of a zeolite
obviously affect the number of water molecules,
which can be accommodated to p.u.c. of the zeolite.
The Pauling’s ionic radius of Na' is 0.069 nm and
that of Zn** is 0.074 nm [25, 28]. As 2Na" ions are
replaced by one Zn®" ion, therefore the space left
vacant in the cavities is filled by water molecules,
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which cause increase in zeolitic water. Thus, the
amount of water adsorbed increases with the electric
field of the cation i.e. inversely with the ionic radius
{27, 29]. In a structure as rigid as X zeolite, the
increase of water content also occurs by a closer
packing of water molecules around the cations and
that is exactly what the change of water concentration
shows. Further, there is greater ordering of water
molecules around the Zn>* ions due to tetrahedrally
coordinated Zn®* i.e. the formation of Zn** (H,0),
complexes in fully hydrated ZnNaX zeolite [25, 28,
30]. Table 2 shows that the number of H,O molecules
p.u.c. increases in the order X/ Zn (16.60) < X/ Zn
(34.16) < X/ Zn (37.27) < X/ Zn (45.8) < X/ Zn
(62.90).

In a hydrated zeolite, a small fraction of diva-
lent cation can be expected to be located in site-I. In
the case of complete exchange, the divalent ions
predominantly occupy positions in the large cages in
the initial phases of the exchange reaction, the sites in
the small cages being taken in the very last stages of
the exchange [31]. The temperature induced
irreversibility, as observed by Maes and Cremer has
been explained as a consequence of the difficulty for
diva-lent ions to shed their water of hydration to enter
(or leave) the small cages, being in accord with the
views of Barrer [32] and Sherry [33]. In the samples
of ZnNaX zeolite, the Zn?" cations are contained in
the supercages only [31]. The volume of the cations
are important in determining the zeolitic water, since
the u.c. volume of zeolite X, as determined by X-ray
crystallography is 7.6 nm’ p.u.c. for the supercage
and sodalite cavities [29]. The higher negative charge
density of the zeolite must produce a stronger inter-
action with the dipoles of water molecules. Lai and
Rees [29] calculated the density of water of zeolite X
to be 1.08 X 10° kg m™ as compared to the normal
density of water i.e. 10° kg m”. Zn®* cations must
interact strongly with the zeolitic water molecules to
account for the quite dense packing of the water
molecules. It was deduced [29] that 16 Na” ions in X
zeolite were all present in site 1. The sodalite cages in
these zeolite samples must be free of cations and
capable of accommodating the maximum possible
number of water molecules.

The DTA curves (Fig. 2) provided data to the
thermal stability of the zeolitic framework of the
zeolite samples investigated. Usachev et al, [34]
studied (by TGA and DTA) the thermal
transformation of zeolite X containing zinc nitrates
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and Yuan et al., [35] characterized the materials by
thermal analysis. The low temperature endotherm
represented the loss of water, while the higher
temperature exotherm represented the conversion of
the zeolite to another amorphous or crystalline phase
[36]. The endothermic curves of DTA pattern
indicated a continuous loss of water over a broad
range commencing from 40 to about 370 °C for Na X
and 40 — 50 to 370 ~ 440 °C (Table-2) for ZnNaX
zeolites. The increase in the minimum peak
temperature of the DTA endotherm of dehydration of
ZnNaX zeolites indicated that Zn’* ions bind intra-
zeolitic water more strongly than Na® ions.
Activation energies of the dehydration process were
calculated by Piloyan [37] and the results showed
that the smaller the cation radius is (i.e. the stronger
its field), the higher the activation energy. Thus, the
data in Table 2 confirm that water is adsorbed more
strongly on ZnNaX zeolites than NaX zeolite because
the main endothermic effect is shifted toward higher
temperatures for Zn™* containing X zeolites.

Table 2 indicates the maxima of exothermic
peaks temperatures, which correspond to the collapse
of the crystalline zeolitic framework. The exothermic
nature of the crystal collapse is attributed to the large
amount of surface energy associated with the zeolite.
As mentioned earlier in the introduction that zeolites
have very high surface areas sometimes up to 1000
m’ g, so as the temperature of framework collapse,
the surface area decreases and the energy associated
with the host surface appears in the form of liberated
heat [6]. The two exothermic peaks of NaX at 580
and 850 °C (Fig. 2) showed decomposition of the
zeolitic lattice, followed by two maxima of
endothermic peaks of recrystallization in a non-
zeolitic form at 585 and 880 °C and at above 960 °C,
the zeolite amorphized. Breck and Flanigen reported
[38] that DTA exothermic peaks of NaX at 772 and
933 °C indicated the decomposition of the lattice,
followed by the recrystallization to a new phase at
800 and 1000 °C. It has been reported [39] that most
of the zeolitic water of NaX is lost by about 400 °C,
but strong polarizations held the last water molecules
tenaciously, keeping the thermal breakdown of NaX
to be near 760 °C. Bravo et al, reported on DTA
curves that NaX amorphizes at 964 °C [ref. 15 P.
369]. Gal and Radovanov observed [25] a collapse of
the zeolitic lattice by an exothermic peak for NaX at
about 800 °C. The literature survey indicated that the
different Si/ Al ratios of the zeolite were found to be
responsible for the different thermal behavior [40].
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The ultimate thermal stability of the zeolitic structure
increased with increasing Si/ Al ratio for a given
cation exchange form [41]. The stability of the crystal
framework increases with increasing Si/Al ratios;
decomposition temperatures of the different zeolites
range from roughly 700 °C to 1300 °C [42]. Zeolites
with high Si/ Al ratios are stable in the presence of
concentrated acids, but those with low Si/ Al ratios
are not; the trend is reversed for basic solutions. The
temperature of structural decomposition of the zeolite
and recrystallization decreases as the number of
tetrahedral aluminum atoms in the framework
increases, that is, as the Si/ Al ratio decreases. It has
been observed that for Si/ Al ratio 2.4, the thermal
stability was up to 810 °C and for Si/ Al ratio 6 up to
888 °C[41]. The breakage of Si—O (0.1608 nm) bond
should require more activation energy than Al — O
(0.1728 nm) bond. The cation density or the number
of cations in the u.c. depends on the number of Al
tetrahedral atoms in the framework and the stability
appears to be related to the cation density and the
framework charge [39].

The DTA data in Table 3 show that in general,
the maxima of exothermic peaks of ZnNaX zeolites
at 800- 840 °C and 825 — 900 °C indicate
decomposition of the zeolite lattice, followed by
maxima of endothermic peaks of recrystallization in
another form at 825 — 860 and 850 — 950 °C and
collapse to an amorphous residue at 920 — 990 °C,
depending on the degree of exchange. The DTA data
indicate that the maxima of exothermic peaks and
temperature of complete amorphization of ZnNaX
zeolites are higher than NaX zeolite, confirming the
increased thermal stability of Zn®* containing
zeolites. The DTA curves indicate that the anhydrous
phases of ZnNaX zeolites are stable up to 800 — 840
°C.

It has been reported [43-44] that thermal
stability of zeolitic framework depends considerably
on the types of cations, their distribution among the
non framework sites and the degree of cation
exchange. It has been attributed to the relation to the
relative stability of the various cations to fill the
voids within the crystal in the dehydrated zeolite [15,
39]. In general, cation exchange with multivalent
cation and / or hydrogen enhances the thermal
stability [45]. Some of the factors which influence the
nature of the DTA curves include sample size of the
specimen, heating rate and the atmosphere
surrounding the specimen. The above results showed
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that chemical modification by ion exchange of X
zeolite affects their physicochemical properties
considerably. It has been confirmed that in the case
of dehydrated ZnNaX zeolites, the Zn®* ions are
distributed preferentially in the hexagonal prisms and
sodalite cages, forming Zn(Ox), complexes where Ox
is the lattice oxygen atom. The unit cell formulae of
NaX and ZnNaX zeolite samples obtained from the
data of Tables 1-3.

Table-3:Compositions of NaX and ZnNaX zeolites
Zeolites Unit _ Cell Formulae

Nax Nase [(Al O2)ss (51 O2)105] 232 H;0

X/Zn (16.60)  Zn7es Nage 52 [(Al Oy)gs (Si O1)106]:253.42 H,0

X/Zn (34.16)  Znys70 Naseso[(Al Oy)gs (Si O2)106]257.45 H,0
X/Zn (7727) Zﬂ]s(b] N353,94'[(Al Oz)s(, (Sl 02)1()6]’270-14 Hzo
X/Zn (5488) Zny e Naj;g_sn'[(Al Oz)s(, (Sl 02)1()6]27318 H;O
X/Zn (6290) ann)s Na;; tm[(Al Oz)m LSI 02)1()6]'3 19 17 Hzo

Experimental

All five samples of ZnNaX zeolites were
prepared by the ion exchange procedure from
synthetic NaX zeolite ( lot # 96F0251) in powder
form, binderless, purchased from Sigma (U.S.A). The
following procedure to prepare X/Zn (54.48) (54.48
is the percentage of Na* exchanged for Zn®" cations)
zeolite sample is typical of the exchange methods
used. Before Zn®* exchange, NaX zeolite was stored
in a desiccator over saturated calcium nitrate solution
for complete hydration at ambient temperature.
Sodium X zeolite (5 g) was slurried in 75 cm’
deionized water and the pH reduced to 7 by the
dropwise addition of hydrochloric acid (0.1 mol dm’
*) with constant stirring. A solution of ZnCl, (200
cm’ 0.0309 mol dm™) a lot # 4112775 (E. Merck)
was added slowly with stirring and the mixture was
stirred for a particular period at 60 °C. The slurry was
filtered and the exchanged sample was washed
several times with hot, deionized water (pH = 7.0).
The wet samples were dried overnight at 80 °C and
then stored over saturated calcium nitrate solution in
a sealed desiccator for complete hydration. The
compositions of the Zn exchanged samples, were
checked by chemical analysis. The zinc content of the
solution was analyzed before and after exchange by
titration against 0.01 mol dm™ EDTA (BDH, analar)
had a lot # 9744320F with Erichrome Black-T
(E.Merck, lot # 6376852) as indicator. Stoichiometric
exchange occurred in all cases, since the amount of
Zn** cations removed from solution was equivalent to
the amount of Na® released from the zeolite. The X-
type zeolites containing Zn®* cations exchanged to
different percentages are listed in Table-1.



10 Jour.Chem.Soc.Pak. Vol. 29, No. 1, 2007

Thermal analyses were carried out using a
simultaneous thermal analyzer STA- 40 NETZSCH
(Germany) 10-15 mg of each sample as prepared was
taken using high purity nitrogen gas, a flow rate of
200 cm’/ min was maintained over the sample,
heating rate of 10 °C / min was employed and the
chart speed was 2.5 mm/min. The zeolitic water was
found by the % weight loss up to maximum
temperature of 1000 °C and the thermal stability of
the crystalline aluminosilicate framework was
investigated by observing crystallinity changes at
zeolite samples heated in the temperature range from
room temperature up to 1000 °C.
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