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Heats of immersion in water (integral heats of hydration) of anhydrous zeolites 
NaA, CdA, ZnA, CoA, NaX, CdX, ZnX, CoX and NiX have been determined 
calorimetrically at 2ScC_ Sodium in NaA and NaX has been replaced by divaIent 
cations to the extent of 70-100%. The data are correlated to the size of the cations and 
to the standard enthalpy changes of the corresponding ion-exchanged equilibria. The 
latter va1ue.s are analysed in terms of three processes: hydration of ions in solution, 
hydration of zeolites, and electrostatic binding energy of cations to the zeolite frame- 
work- 

The heats of immersion in water (integral heats of hydration) of anhydrous 
zeohtes are interesting at least from two viewpoints. Firstly, they reflect the deperr- 
dence of the binding ener,oy of water on the framework structure of zeolites and on the 
type of counter-ions which occupy characteristic sites in the crystal. Secondly, they 
give quantitatively the change in hydration enthalpy of a zeolite in a heterogenous 
ion-exchange process, when a cation of the aqueous phase replaces the original 
counter-ion of the zeolite. 

In the present work, we measured calorimetrically at 25°C the heats of im- 
mersion in water of A and X ion-exchanged zeolites cf divalent cations (Cd, Zn, Ni, 
Co) and of the original NaA and NaX forms. The data will be discussed primarily 
from the aspect of ion-exchanged thermodynamics, which has been investigated 
previously’. 

EXPERIIWENTAL 

Zeolite samples. - Divalent metal forms of A and X zeolites were prepared 
from 200 mesh-size 4A (B.D.H.) and 13X (Union Carbide) samples as described 
previously’. Ail zeolites were stored in a desiccator over a saturated NH&I solution to 

*Part of the work related to the neat of immers;on measxements .+s performed a? the Danish 
Atomic Energy Research Establishment Riser and the Thermockmistry;Laboratory of the University 
of Lund, Saeden- 



312 

keep the water content constant. They were analysed for MZf, Na*, SiOz, AIO; and 
Hz0 content as described in an earlier paper’. The results of chemical analysis and the 
composition of unit cclis are presented in Table I. The latter data are based on 12 
Si atoms in A-zeolite and 105 Si atoms in X-zeohte per unit cell. 

TABLE I 

COMPOSITION OF ZEOLI-I-ES’ 

ccl Ob I Atoms per unit ceII 

;%?I+ w+ AtO; SiO= Hz0 sum 2VU AI Al Si 

Tu;?A 
C&A 

COA 
F&lx 
CdX 
znx 
cox 
NiX 

12.15 - 32.8 33.30 

0.02 25.60 26.5 27.45 

O-Ii I620 29.4 30.40 

1.45 l2SO 29-8 28.55 

II.20 - 29.0 35.66 

0.76 21.85 24.5 30.39 

250 11.61 27.2 33.66 

3.s9 ?3.-JD 27.1 33-10 

2-11 3.56 25-9 32.05 

22.7 loo.95 
20.6 100.17 

‘7’)I 98.21 

27.8 100.10 

24-4 100.26 

22.7 100.20 

26-O 100.97 

2S.I 100.57 

28.5 98.42 

II.5 - 12.0 
0.0 6.0 11.8 

0.1 5.9 I’.8 

1.6 5.4 II-S 

86.2 - 8iO 

6.9 40.3 86__’ 

20.4 33.3 86.5 

32.2 27.1 87.4 

18.1 33.1 56-5 

12.0 

12.0 

12.0 

130 

105.0 

105.0 

105.0 

t 05.0 

lo;.? 

%iA with high nickel content is thermally unstable and is not included in the present investigation’. 

TG and DTA mr&~e.s. - These are shown for X-zeolites in Fig. 1, and for 
A-zeolites in Fig. 1 of ref. I. -411 ;-eohtes are assumed to be thermally stable up to the 
DTA peaks above 750°C which was confirmed by X-ray powder difraction. 

Oulgassing. - Weighted samples in thin-wall ampoules were outgassed 
24 hours at 200°C to a residual pressure of 1 x IO-’ mm Hg, and then sealed under 
reduced pressure of dry argon. The loss of water was separately controled by weight- 
Ioss determination after ignition. In all cases the water content of outgassed samples 
was less than 0.2 w-eight % (less than 1% of the initial water content). Attempts were 
made to dehydrate sampIes above 300°C as de.-cribed by Barrer and Cram’. Except 
in the case of NaA and NaX, this was not feasible owing to visible ztructural changes 
which took place in the samples, It seems that the di-.paIent metal zeolites are 
appreciably less stable at Iow pressure than the original sodium form. For instance, 
the heat of immersion of some samples outgassed at 360°C were considerably lower 
than those obtained by outgassin g at 200°C. Tnus, all samples were outgassed at 
2OO=C, which was sufficient to ensure a practicahy complete dehydration. This was 
also supported by the fact that heats of immersion of NaA and NaX have the same 
values when samples are outgassed at 200” and 36O”C_ 

Calorimetry. - Heats of immersion have been measured in a LKB calorimeter, 
type 8721-1, at 25°C. The calorimeter was calibrated by electrical heat generation in 
the usual way. Heats evolved were determined using the graphical method of 
Dickinson3, Errors in heat determination, estimated from duplicate measurements, 
were about I%_ 
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CdX j 

Fig. l_ TG and DTA runs of X zeolites. 

RESULTS 

The experimental results and other data derived from them are listed in Table II. 
The following notation is used: (1) qH, J per gram of hydrated zeohte (water content is 
given in Table I), (2) qD, J per gram of dehydrated zeolite, (3) OH., kJ per mole of 
water content, (4) Q,,, kJ per mole of anhydrous unit cell, (5) Qou, kJ per gram 
equivalent of cations. 

Published data are available for NzA and NaX which can be compared v;ith 
our measurements_ Thus, Barrer and Cram’ found for NaA qu = 3.09 x lo2 J/g and 
Qoa = 56.9 kJ/g.-ion equivalent. However, their NaA sample was not identical with 
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our sample, because they had a higher NaAIO= content owing to the occlusion of 
O-4 NaAIO, per unit cell. Similarly, they obtained for NaX qn = 3-53 J/g and 
0 _cE = 73.6 kJ1,. ‘g -ion equivaIent with a sampie which had also a slightly different Na’ 
content Taking this into account the two sets of results are in reasonabIea greement. 

TABLE II 

HEATS OF IhIXiERSION _AND OTHER DERIVED VALUES 

Zeolife Gi 4?D QW Qcc QCE 
(rig x JO=) (Jig x 103 (kf,fmoi) (klimolx i02) (kJ!g.-ion eq.) 

3.23 4.18 
3.04 3.83 
3.46 4.43 
3.48 4.82 
3.36 4.45 
3.05 3-95 
3.23 436 
3.40 4-73 
3-70 4.76 

25.7 
26.6 
2s.2 
22.5 
24.8 
24-2 
'94 - 
21.8 
23.4 

7.1 59.0 
8.0 66.9 

8.1 67.8 
8.7 72.0 
59.8 68.6 
63-2 72.8 
61.1 70-3 
65.3 7-f-9 
'72.0 82.4 

The data in Table II show a general trend: the heats of immersion increase in the 
order Cd c Zn c Co c Ni, as expected when the ionic radii of cations are considered. 
An apparent exception are the 0, values, where two effects are superimposed: the 
binding ener,oy of water and the total amount of water in the unit cell. Both increase 
with the decrease of Phr iqcic radius of the counter-ion, but the net effect can be a 
decrease in Qw values for sraaii divalent ions. This implies that an increasing number 
of water molecules per unit cell is not directly attached to cations or charged sites’. 

As ion-water dipoie interaction depends on the electrostatic fieId strength of the 
ion, which vary inversely as the square of the ionic radius (r,& it is interesting to piot, 
say, Out a_&nst (W 2, as in Fig. 2. These plots, which include also the data of 
Barrer and Cram’, show remarkable irregularities which reflect the effect of various 
factors in binding water to zeohtes. In the case of A-zeolites, an irregular but steady 
increase of Q,, with (f3 - ’ can be noted, although in CoA the exchange of sodium 
with cobalt is not complete. In the plot of X-zeolites, Quc l?rst decreases from SrX to 
ZnX, and then rises again up to MgX_ This peculiar pattern is probably caused by 
several effects. One is the extent of ion-exchange, which for SrX is practically 
complete (all Na atoms are re<;arPd by Sr) and then decreases up to ZPX. The small 
divalent ions with their firmly bound hydration sphere penetrate with difficulty into 
the soda&e cages and hexagonal prisms of X-zeolite, and therefore they replace 
sodium to a lesser extent than Sr, Ca and even Cd (see Table I). As seen from Fig. 2, 
from ZnX up to MgX, small variations in the content of divaIent ions are less 
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Fig. 2 &c versus ionic radius of cation. Upper diagram A-zzolite, lower X-zemlite. Triangks are 
data of Barrer and Cram=. 

important, thus Quc increases as the crystalline radius of the divalent cation decreases. 

Probably some other efkts are also important, especially the position of cations 
relative to the charged sites of the wet zeolite. Namely, in fully hydrated zeolites not 
all cations are bound to the exchange sites. A certain number of them is ffoating as 
aquateci ions in the large cages, and they are probably more hydrated than cations 
bound to exchange sites ‘. 

The importance of the heats of immersion in the thermodynamics of ion- 
exchange can be estimated if the standard enthalpy change (AH=) of the folIowing 
heterogenous reaction is considered: 
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where AH” refers to the formation of 1 gram-ion equivslent of a divalent metal 

zeolite, and the notation (aq) means that the process takes place in a dihltr solution. 

The AH” value of Eqn. (I) can -be obtained by adding standard enthalpy changes of 

the following processes: 

+ M $T f WLZ,~*~, = M, ZCznfi, i Na,,, ; (AH;) (4) 

Here (%, and (;lnh, refer to the bare gaseous ions and to the anhydrous zeohtes, 

respectively_ Some vaIues of AH” have been obtained from exchange isotherms at 

various temperatures’. AHi; is the difference in the standard enthalpy of hydration of 
the ions which can be calculated from tabulated data4. AH; is to a good approxi- 

mation equal to the difference in the heats of immersion per gram-ion equivalent of 

cation, AH: 1: -(QGEtNj - QGE&_ AH,” is equal to the difference of the electrostatic 

binding energy of the eschanging ions to the zeolite sites. Its -value can be obtained 
from the equality AH” = AHitAH;; AH:, if the three other terms are known. 

Some values of the standard enthafpy changes together with relevant references are 

listed in Table Hi_ It shouId be noted however, that these data represent average 

vaIuw per ,mrn eqrrivalent of cations, neglecting inequalities of the exchange sites. 

TABLE III 

STANDARD ENTHALPY CHANGES (kJ/g.-ion equivtient) 

Zeolite AH; 

CdX 
ZnA 
GoA 
ax 
ZZlX 
cox 
Nix 

13.22 4.97 x 102 
IS.40 6.17 x IO= 
20.07 6-09 x IO’ 
17.57 4.97 :q 102 
S-02 6.Ii x IO= 
7.11 6.09 x IO* 
5.02 6.42 x IO’ 

- 7.95 
- 8.79 

- 12.97 

-4.18 
- I.67 
- 6.25 

- 13.81 

AH; 

-4-76 x IO= 
- 5.92 x IO’ 

-55.96 x 10’ 
-44.76 x IO2 
-6.10x IO’ 
- 5.96 x IO2 
-6.23 x 10’ 

Table :!I shows that AH” is practically the difference between two Iargc thermal 

effects, i.e., AH; which refers to the hydration of cations, and AH;, the difference in 

electrostatic binding energies of the cations to zeolite sites. AH;, the difference in 

hydration enthaipies of the two metal forms of zeolite is rather small. 

In order to obtain an approximative va!ue of the electrostatic term AH:, the 

simple model deveioped by Eisenman6 could be useful. The coulomb energy of 

binding Ka’ to a negative O- site of zeolite is U, = -Ne’(r, +r_)- *, where r+ 

and r_ are assumed to be the Pauling radius of the cation and the effective radius of a 

0-site_Similarly,assumingaM2*ioninsteadoft~oNat,U,=-22h’e2[(r,,+r_)-’ 
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-l-(x--r,* -I_)- ‘1, where r2 + is the Pauling radius of M2 +, x is the shortest distance 
between two O- sites (assuming O--M’ i -O- linesr), N is Avogadro’s number and e 
the elementary charge. Thus 

H;=$,-&, = - 139 
C 

1 I 1 ‘\ 
i- - (5) 

,r2+ +r_ x-rZi -r_ r,fr_ ) 

where AH; is expressed in kJ per g--ion eq*iivalen+_ and r m Iliii. i%qn. (5) is, of course, 
a simplified and crude model, because O-M-O is not necessarily linear, and long- , 

range couiomb interactions are neglected as well as Born’s ::~lllsion term, polarisa- 
bility of charged species, inequality of exchange sites, etc. Nevertheless, :r ‘.ing for 
(r, -t-r_) the average Na-0 distance 0.226 nm in NaA’ and 0.292 nm in i+X’ 
(from which the respective values of r_ are obtained by subtracting the Pauling 
radius of Na’), the shortest site-to-site distance, :, can be calculated with the A.‘$: 
values of Table III. Thus, for the A and X zeolites listed in TabIe III, the value of x is 
between 0.546 nm. This is, indeed, a reasonable value, about two times Iarger than 
the average Na-0 distance_ Unfortunately, no crystaiographic data relevant to the 
exact position of divaient cations have been reported. When these data will be 
available. it might be possibIe to develop a more refined electrostatic model so that 
AH’ for ion-exchange could be calculated. In that case, according to Eqns- (l+, the 
onIy experimental data needed are the AH; values, i.e., the heats of iiilmersion. Such 
a procedure should be very helpful since AH” for many ion-exchange processes 
cannot be obtained calorimetrically owing to the slow attainment of equilibrium. 

ACKXOWLEDGEXEN- 

The authors are much indcpted to Dr. N. W. Helm for his hospit4ity during 
the stay of two of us (V.M.R. and B.B.R.) in the AcceIerator Department of AERE, 
Risa, and to Professor Stig Sunner from the Thermochemistry Depzrtment cf the 
University of Lund for his kind permission to use the calorimetric equipment 
Thanks are also due to Mr. A. Thorboe and Mr. L. Asmund (AERE, Risar) for some 
chemical analyses and the TGA and DTA runs. 

REFERENCES 

f I. J. Gal, 0. Jankovit, S. MaltiC, P. Radovanov and M. Todoro\+id, Trans. Fara&_v Sue_, 67 
(1971) 999. 

2 R. M. Barrcr and P. J. Cram, Proc. II Inr. Conf. Molcccdar Sieces, Worcester, Mass.. L’. S. A.. 
(1970). edited by Amer. Chem. Sot. in Adrances in Che.nistrr_ series, p. 320. 

3 H. C. Dickinson, B&I’. Nar. Bur. Srand. II (1915) 1S9. 
4 D_ R. Rosseinsky, CIlem. Ret_, 65 (1965) 470. 

5 P. Radovanov and I. J. Gal, to be presented at the Third Iqf_ Canf_ Molecular Sieves, Switzcr- 
land, Sept. 1973. 

6 G. Eisenman. Biopi~ys. I_. 2 (1967) 259_ 
7 H. S. Sherry, Proc. II Inr. Co& Molecular Sieces, Worcester. Mass., U. S. A.. 1970, edited by 

Amer. Chem. Sot. in Adrances in Chemistry series, chap 3_ 
S P. A. Howell, Acfa Crpfaffogr-, 13 (1960) 737. 
9 D. H. Olson. 1. Phw. Chem, 71(1970) 2758. 


