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Energetics of Sodium — Calcium Exchanged Zeolite A
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A series of calcium-exchanged zeolite A samples with different degrees of exchange were prepared.
They were characterized by powder X-ray diffraction (XRD), differential scanning calorimetry (DSC).
High temperature oxide melt drop solution calorimetry measured the formation enthalpies of hydrated
zeolites CaNa-A from constituent oxides. The water content is a linear function of the degree of
exchange, ranging from 20.54 % for Na-A to 23.77 % for 97.9%CaNa-A. The enthalpies of formation
(from oxides) at 25 °C are -74.50 £ 1.21 kJ/mol - TO, for hydrated zeolite Na-A, and -30.79 + 1.64
kJ/mol - TO, for hydrated zeolite 97.9%CaNa-A, respectively. Dehydration enthalpies from differential
scanning calorimetry are 32.0 kJ/mol - H,O for hydrated zeolite Na-A and 20.5 kJ/mol - H,O for
hydrated zeolite 97.9 % CaNa-A. Enthalpies of formation for Ca-exchanged zeolites A are less
exothermic than for zeolite Na-A. A linear relationship between the formation enthalpy and the extent of
calcium substitution was observed. The energetic effect of Ca-exchange on zeolite A is discussed with
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emphasize on the complex interactions among the zeolite framework, cations, and water.

1. Introduction

Due to their unique compositional and structural diversity,
uniform pores with controllable sizes, and abundant internal area
with ordered surfaces and exchangeable mobile cations zeolites
are widely used in industrial and environment processes,
including selective adsorption, separation, purification, ion
exchange, shape selective catalysis, food production, biochemical
engineering and medicine . In almost all application fields, the
energetic stability, degree of hydration and interactions related to
extra - framework cations are crucial to optimizing function.

The basic structural unit of zeolite A is a truncated
octahedron which is also a sodalite or beta cage > °. These
sodalite units are linked through four-member prisms, forming
the unit cell containing 24 tetrahedra (12 A10,4 and 12 SiO,). The
central cavity (alpha cage) has a free diameter of 11.4 A, which
can be directly accessed by guests, such as cations and water,
through the six 8-member oxygen-ring with an aperture diameter
of 43A77.

Owing to the great solubility and availability of sodium salts,
direct hydrothermal synthesis of zeolite A usually results in
samples in their sodium forms, which can be further modified by
replacing the charge - balancing sodium ions by various other
cations, including protons. Typically, post synthesis ion exchange
by other alkali and alkaline metal cations may modify the
aperture/pore size of zeolite A, improving its accessibility and
catalytic performance in industrial applications. Zeolite K-A has
been widely used for dehydration of gases and alcohols '°.
Zeolite Na-A is applied in propylene/propane separation ' and
air separation for production of nitrogen '>. Zeolite Ca-A has
shown great performance on selective adsorption separation of
normal from branched chain and cyclic paraffins . The
diffusivities in a zeolite molecular sieve can be adjusted by ion
exchange to enhance kinetic selective separation °. Transition
metal exchanged zeolite A can provide Brensted sites employed
in acid catalysis '*. In turn, the extra - framework cations also
significantly influence the energetics and structural stability of
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the zeolite frameworks '* '6. The cations may also act as

precursors to obtain new zeolite frameworks '’. Therefore,
knowing the underlying thermodynamic properties defining
structure, stability, phase evolution and cation — water —
framework interactions is fundamentally important to synthesis
and industrial development of zeolites '%.

Enthalpies of formation and transformation are very useful
thermochemical parameters describing the energetics of zeolites,
which provide insights into structural stability, bonding, and
driving force for formation and transition of a given zeolite '°.
High temperature oxide melt drop solution calorimetry can obtain
accurate thermochemical data for many inorganic materials
including nanophase oxides, nitrides, ceramics, minerals and
zeolites '*?2. The enthalpies of formation/hydration of various
zeolites have already been successfully determined and the
energetics of inclusion of cation guests in natural or synthetic
zeolite frameworks has been investigated and the relationship
between energetics and ionic potential discussed. However, the
energetics of zeolite A with different degrees of calcium
exchange is not yet documented.

We employed high temperature oxide melt solution
calorimetry to study the energetics of calcium exchanged zeolites
A. Ca-exchanged samples were prepared by ion-exchange of
zeolite Na-A in calcium chloride solution with various
concentration (0.05 to 0.25 M). Our objective is to reveal the
energetic insights of zeolite A as the composition of extra-
framework cation varies, and to understand the interactions
among the zeolite A framework, its included cations, and
confined water.

2. Experimental methods

2.1. Sample preparation, structural and chemical analyses

The sample preparation procedure, detailed structural and
chemical analyses of the same set of hydrated Ca-exchanged
zeolite A, including powder X-ray diffraction (XRD), electron
microprobe analysis (EMPA) and thermogravimetric analysis

This journal is © The Royal Society of Chemistry 2014 | 1
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Figure 1. Powder XRD patterns of zeolites Na-A and CaNa-A.
Values in front of CaNa-A denote the degrees of exchange.

(TGA), have been published elsewhere °, so we do not repeat
them here.

2.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on a
Netzsch STA 449 system to determine the energetics of
dehydration. Pellets weighing about 20 mg were placed in a
platinum crucible and heated under argon flow (40 ml/min) from
30 to 1200 °C (10 °C /min). The dehydration enthalpies with
respect to liquid water were derived from integration of DSC
peaks and correcting for the enthalpy of water vaporization.

2.3. Calorimetry

High temperature oxide melt drop solution calorimetry was
performed using a custom-built Calvet twin microcalorimeter.
This method has been applied to obtain the energetics of various
zeolite frameworks '°. The methodology has been described by
Navrotsky 2! 2. Molten lead borate (2PbO-B,0;) at 704 °C was
used as solvent. Samples were pressed into pellets (~5 mg) and
dropped from room temperature into the molten solvent in the
calorimeter under argon flow (100 ml/min) to expel any evolved
water vapor. This measurement was repeated 6 to 8 times on each
sample to ensure reproducibility. The calorimeter was calibrated
using the known heat content of corundum pellets. Formation
enthalpy is calculated using thermodynamic cycles described in
Table 1.

3. Results

3.1. Structure and composition of hydrated zeolites Na-A and
CaNa-A

The powder XRD patterns for calcium ion-exchanged
zeolites A are shown in Figure 1. All samples are confirmed to be
single phase. Noticeable differences at specific diffraction
positions are found as the degree of calcium exchange varies.
The present observations corresponds well with a previous report
2 which shows that the lattice parameter a is closely related to
the calcium content in Ca-exchanged zeolites A. The chemical
compositions and the calculated molar mass (per mole TO,) of
Ca-exchanged zeolites A were detailed in our previous work > ¢,
The Si/Al ratio of all samples is identical (1.03 £ 0.01), which is
very close to that of ideal zeolite A. This is a strong indication of
consistent high framework quality after ion-exchange. The
degree of Ca-exchange ranges from 34.8 to 97.9 %. TGA data for
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Figure 2. DSC curves for zeolites Na-A and CaNa-A.

all samples show similar weight loss behavior corresponding to
framework dehydration. The hydration level increases as the
degree of Ca-exchange increases. Similar trends were also
observed for other Ca-exchanged zeolites **.
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Figure 3. Dehydration enthalpy of zeolites Na-A and CaNa-A vs.
mole fraction of calcium.

3.2. Differential Scanning Calorimetry (DSC)

The DSC traces for Ca-exchanged zeolites A are presented in
Figure 2. Considering the structure collapse of zeolite A at
temperature higher than 800 °C, here we mainly focused on
events below 800 °C. The major broad endothermic peaks below
800 °C correspond to framework dehydration. These peaks tend
to shift to higher temperature with increasing Ca content. We
estimated the dehydration enthalpy of zeolite A to form liquid
water (AH,,;) by integration of the broad DSC peaks (AHiycgral
from 30 to approximately 250 °C) and subtracting the heat of
vaporization of water (AH p.wawer» S€€ Figure 3). The calculation
can be expressed as AHgen; = AHnegral — A yap-water- Z€Olite Na-A
presents the most endothermic dehydration enthalpy (32.0 kJ/mol
- H,0), which is supported by results from reaction calorimetry
(29.0 kJ/mol - H,0) **, while the sample 97.9 % CaNa-A is least
endothermic (20.5 kJ/mol - H,0).

3.3. Calorimetry

The enthalpies of formation of Ca-exchanged zeolites A at
25 °C from constituent oxides (AH¢pyqox) and elements (AH
nyd.et) Were calculated from drop solution enthalpies (AHggnyq) of

This journal is © The Royal Society of Chemistry 2014
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Table 1. Thermodynamic cycles for formation enthalpies of zeolites Na-A and CaNa-A from oxides

Enthalpy of formation of zeolite Na-A
x/2Na,0 (soln., 704 °C) + y/2A1,05 (soln., 704 °C) + zSiO, (soln., 704 °C) + mH,0 (soln., 704 °C) >

Na,AlSi.0,-mH,0 (s, 25 °C) AH; = AH g pya

Na,0 (s, 25 °C) = Na,O (soln., 704 °C) AH,
ALO; (s, 25 °C) > Al,O; (soln., 704 °C) AH;
Si0, (s, 25 °C) = SiO, (soln., 704 °C) AH,
H,0 (1, 25 °C) & H,0 (soln., 704 °C) AH;

x/2Na,0 (s., 25 °C) + y/2A1,0; (s., 25 °C) + zSi0, (s., 25 °C) + mH,0 (1., 25 °C) = Na,Al,Si,0,'mH,0 (s, 25 °C) AHs = AHpjyg.0x
AHy = AH, + x/2AH, +y/2AH; +zAH, + mAH;

Enthalpy of formation of zeolite CaNa-A

a/2Na,0 (soln., 704 °C) + bCaO (soln., 704 °C) + ¢/2A1,05 (soln., 704 °C) + dSiO, (soln., 704 °C) + nH,0 (g.,

704 °C) > Na,Ca,AlSiO, nH,0 (s, 25 °C) AH; = AHgs pya

Na,O (s, 25 °C) > Na,O (soln., 704 °C) AH,
ALO; (s, 25 °C) > ALO; (soln., 704 °C) AH,
Si0, (s, 25 °C) = Si0, (soln., 704 °C) AH,
H,0 (I, 25 °C) > H,0 (soln., 704 °C) AH;
CaO (s, 25 °C) = CaO (soln., 704 °C) AH

a/2Na,0 (s, 25 °C) + bCaO (s, 25 °C) + ¢/2A1,05 (s, 25 °C) + dSiO, (s, 25 °C) + nH,0 (1., 25 °C) >
Na,Ca,Al.Si0, nH,0 (s, 25 °C)

AH, = AH, +a/2AH, + bAHg + ¢/2AH; + dAH, + nAH;

AH, and AH; are the drop solution enthalpies of zeolites; AH,, AH;, AH,, AHs, and AHy are the drop solution enthalpies of oxides and liquid
water; AHg and AH, are the formation enthalpies of zeolites from oxides.

AHQZAH/'_hyd‘gx

hydrated zeolite samples using the thermodynamic cycles in Table 3. Enthalpies of drop solution and formation (25 °C) of
Table 1. AHy values of constituent oxides used in the hydrated zeolites Na-A and CaNa-A (on mole TO, basis)
thermodynamic cycle are summarized in Table 2. Table 3 lists a b ¢

the calculated enthalpies of formation. The enthalpy of formation Zeolite (Ak{-]%i_llgf) é{ﬁl/f;ys’l;x (Akgfl';ygie)l
from oxides increases (becomes less exothermic) as the degree of

Ca-exchange increases. Zeolite Na-A has the most exothermic Na-A 163.541.15 (6)!  -74.501.21 -

formation enthalpy of -74.50 + 1.21 kJ/mol - TO,, which is in 1426.37+1.48

good agreement with the previously measured value (-74.24 +
0.65 kJ/mol - TO, 25), while zeolite 97.9 % CaNa-A possesses the

least exothermic formation enthalpy of -30.79 + 1.64 kJ/mol - 4
TO,. 44.5%CaNa-A  159.43+1.49 (6)° -54.94+1.54

o _ d -
34.8%CaNa-A  162.32+1.24 (6) 60.03+1.28 1455.21+1.55

1481.90+1.76

63.0%CaNa-A  155.03+1.16 (6)  -42.97+1.22

Table 2. Drop solution enthalpies for constituent oxides and 1489.99+1.48

water in molten lead borate at 704 °C and formation enthalpies

from elements at 25 °C 76.2%CaNa-A  158.90+1.72 (8)Y  -42.91%1.76 _1512.58ﬂ:1.96
. 0 _ d - B

Zeolite AH g, (kJ/mol) AH (kJ/mol) 97.9%CaNa-A  155.70+1.58 (6) 30.79+1.64 1536471 84
“ Drop solution enthalpy of hydrated zeolites.

Sodium oxide (Na,0) -113.10+0.83%° -414.84+0.25%" ? Formation enthalpy of hydrated zeolites from oxides.
¢ Formation enthalpy of hydrated zeolites from elements.

Calcium oxide (CaO) -17.49+1.21%8 -635.09+0.96%7  The values in parentheses denote the number of measurements.

Corundum (AL,0;) 107.93£0.98%  -1675.69+1.20” 4. Discussion

Quartz (Si0,) 39.13+0.3228 -910.85+1.70% Since all the samples were equilibrated under the same
conditions, the degree of hydration reflects the nature of zeolite

Water (H,0) 68.98+0.10%7 -285.08+0.10%7 A and indicates the interactions of water molecules with the

frameworks. The framework features two types of interconnected

channels, the sodalite cages have a window diameter of 2.8 A,

Ref. 2%, Ref. ¥/, Ref. %%, comparable to that of water; and the central cavities, are both
larger and water accessible. The confined water can be removed,

PCCP, 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 | 3
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Figure 4. Formation enthalpy of hydrated zeolites Na-A and
CaNa-A from oxides vs. mole fraction of calcium and average
ionic potential. Points denote the measured results and dashed
lines show the fitted linear trends.

by heating and/or evacuating without affecting the framework
structure. The weight loss observed on TG curves includes two
forms of water: molecular water in the void space and more
tightly bound water, likely hydroxyl on the surface. Most of the
molecular water is liberated below 450 °C, whereas the hydroxyl
water can only be extracted above 450 °C %°. The weight loss in
this region (> 450 °C) for all samples range from 0.3 to 2.0 %,
indicating zeolites A have low surface hydroxyl concentrations.
In each zeolite A unit cell, there are twelve net negative charges,
which have to be balanced by positive guest ions *. These high
energy sites have their distinct crystallographic positions and are
classified into three categories: site I, centered in the six-member
rings and displacing into the alpha cavity; site 11, located near the
center of the eight-member rings and being close to its planes,
and site III, centered in the four-member rings and displacing
into the alpha cavity. Accordingly, the charge-balancing sodium
cations in zeolite Na-A are not randomly dispersed, but rather
sitting on the twelve well-arranged “chairs”, which can be
occupied by other cationic guests such as the calcium ions as
well. Specifically, eight of them prefer site I, the other three are
located on site II, and the remaining one is bonded on site III.
The site selectivity for sodium cations ranks in the order of I >
I1> 11T *!. When a water molecule enters the void space of zeolite
A, it may interact with the extra, charge - balancing cations,
compete with the pre-adsorbed water molecules, and bind to the
oxygen atoms embedded in the structure. Despite, or perhaps
because of, these multiple possible mechanisms, the extra-

4 | PCCP, 2014, 00, 1-3
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Figure 5. Formation enthalpy of dehydrated zeolites Na-A and
CaNa-A from oxides vs. mole fraction of calcium and average

ionic potential. Points denote the measured results and dashed

lines show the fitted linear trends.

framework cation - water interactions present the dominant
energetic effect on the hydration of zeolite A *2,

Interaction of water with ion-exchanged zeolites is a complex
event involving multiple parameters. Results from our current
work highlight the cation effect. Theoretical study on water
adsorption in zeolite Na-A suggests that there are 28 water
molecules confined/adsorbed in an ideal unit cell when it is fully
hydrated *2. Our work supports this conclusion by providing
directly measured values ranging from 24.3 to 29.0 molecules per
unit cell. Specifically, structural studies ** show that twenty
water molecules construct a distorted dodecahedron in the central
cavity (o - cage), four self-assemble to distorted tetrahedron in
the sodalite cage, and three are bound to sodium ions at sites II,
and the remaining one interacts with sodium ion on site III. In
addition, the binding energies of various positions with water are
calculated to be less strong in the following order, Na* (IIT) > Na*
(I1) > o. - cage > P - cage, 78.40 kJ/mol - H,O for Na" (III) and
20.22 kJ/mol - H,O for P - cage *. In other words, the sodium
cations at site IIT show the strongest interaction with water, while
the B - cage has the weakest. However, once two monovalent
sodium cations are replaced by one divalent calcium cation, the
positions of cations are structurally and thermodynamically
adjusted. An extreme condition is that when sodium is fully
exchanged by calcium, three out of eight sites I, two out of three
sites 11, and site III are cation-vacant . As a result, only a
minority of the water molecules are able to directly interact with
the cation sites. Hence, the overall enthalpies of dehydration are
less endothermic (see Figure 3) as Ca content increases. Previous
work on ion-exchanged chabazite ** point out that water - zeolite
interaction tends to decrease upon increasing hydration, which
means the enthalpy of hydration is most exothermic for very low
water loading and it becomes less exothermic as the hydration
level increases. The present study on ion exchanged zeolite A
further confirms and supports this conclusion.

The formation enthalpy, AHpyq0x Of hydrated zeolites A at
25 °C from constituent oxides can be divided into two parts: AH
dehox and AHyyq; (-AHgeh)). AHpgenox refers to the formation
enthalpy of corresponding dehydrated zeolites A at 25 °C from
constituent oxides, while AHyq, is hydration enthalpy of the
same dehydrated zeolites A at 25 °C relative to liquid water. AH .

This journal is © The Royal Society of Chemistry 2014
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denox Of zeolites is closely linked to the energetics of their
framework structures. Formation enthalpies of dehydrated
zeolites A are derived from the measured formation enthalpies of
hydrated zeolites A and the estimated hydration enthalpies from
DSC analysis.

Formation enthalpies of hydrated zeolites A are plotted
against the mole fraction of calcium and the average ionic
potential ,Z/r, the ratio of average charge to the mean radius of a
mixture of ions) of each sample (see Figure 4). In addition, the
obtained enthalpies of formation of dehydrated zeolites A are
plotted in Figure 5. As the average ionic potential increases, the
formation enthalpies become less exothermic linearly. This
positive linear trend is consistent with previous studies on
zeolites Y, beta, and natrolite, all of which show less exothermic
formation enthalpies from oxides for both hydrated and
dehydrated zeolites as the average ionic potential increases *>>*,
This reflects the fundamental acid - base chemistry of ternary
oxide formation, with alkali ternary oxide compounds showing
more exothermic enthalpies of formation than alkaline earth
compounds.

Zeolite A is metastable with respect to its dense phase (Na-A
to nepheline *° and Ca-A to anorthite *°). The formation
enthalpies of these dense phases were determined to be -67.20 +
2.04 kJ/mol - TO, for nepheline and -25.45 + 0.79 kJ/mol - TO,
for anorthite *!, which are more exothermic than that of the
zeolites A obtained in this work (Figure 5). This difference in
formation energy represents the instability of synthetic zeolites
relative to their corresponding dense phase natural minerals,
which can be relaxed through spontaneous amorphization *°,
recrystallization ** and/or other types of phase transformation
under alkaline hydrothermal conditions **.

5. Conclusions

Zeolites CaNa-A with calcium contents ranging from 0 to 97.9 %
were prepared and characterized. Energetics of Ca-exchanged
zeolites A was studied using high temperature oxide melt drop
solution calorimetry. Crystallographic analysis (XRD) suggests
structural evolution as a function of Ca-exchange. The water
content of zeolites CaNa-A exhibits a positive linear trend as the
degree of Ca-exchange increases. The dehydration enthalpies
monotonically decline with increasing of calcium content. The
substitution of sodium by calcium leads to less exothermic
enthalpies of formation, which are a linear function of mole
fraction of calcium and average ionic potential.
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