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I.



INTRODUCTION



The most important technique used to modify zeolites is ion exchange. This chapter will review the ion-exchange properties of aluminosilicate zeolites with some emphasis on the problems and pitfalls encountered by this author. The techniques used to collect and analyze ion exchange data will be described. The data will be presented in the form of ionexchange isotherms. These isotherms can be used to calculate thermodynamic quantities in the equilibrium case (1), in the design of experiments (2), and in commercial ion-exchange processes (2). Zeolite structure will be discussed as it relates to the ion-exchange properties of the zeolites that will be used as examples. The dimensions of the channels and openings into cavities are of molecular and ionic size. Some quite spectacular molecular separations can be made by taking advantage of diﬀerences between molecular size and channel or window size. The openings into cavities and size of the channels can often be modiﬁed by ion exchange. Ion sieving, ﬁrst reported by Barrer in 1956 (3), enables interesting and useful ion separations. The ability of zeolites to undergo ion exchange is one of their most important properties. It enables us to modify the electric ﬁeld inside zeolite crystals, which in turn modiﬁes sorptive and catalytic properties in a way that is more subtle than simple molecular sieving. II.



EXPERIMENTAL TECHNIQUES



A.



Zeolite Preparation



Careful preparation and characterization of the zeolite being studied is extremely important if meaningful data are to be obtained. One of the most common problems in sample preparation is overwashing (5). It is important that the sample have a good cation balance. The atomic ratio of charge-balancing cations to aluminum atoms should be 1. In the case of a zeolite synthesized in the sodium form, that means that the atomic ratio Na/Al should be equal to 1. In our experience a ratio of 1.00 F 0.02 is an acceptable result. It is extremely easy to reduce this ratio to less than 1 by extensive washing of the more aluminous zeolites such as NaA and NaX and even NaY. One can think of the zeolites as salts of weak acids. Therefore, if the sodium zeolite, NaZ, is placed in water, the zeolite hydrolyzes according to the reaction: NaZ þ 2HOH ] H3 OZ þ NaOH
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ð1Þ



The pH of the water in which the zeolite is placed rises as proof that this reaction has taken place. Repeated contact with fresh water as might occur if a small quantity of the sodium form of the zeolite is extensively washed on a ﬁlter can lead to extensive H3O+ ion exchange. We have observed that as much as 15% of the Na+ in NaA can be replaced by H3O+ by overwashing. We have controlled the H3O+ ion exchange of zeolites synthesized in the sodium form by careful washing until the Na/Al atomic ratio was 1.00 F 0.02 (5). We have preconditioned zeolite samples not prepared by us by contacting the zeolite several times with 0.1 N NaCl (10% by weight slurry). It has been shown (6) that when a zeolite is placed in water there is reaction at the surface of the crystals that causes a small amount of Si and Al to dissolve. This complicates ion exchange involving trace quantities of ions. However, under the ion-exchange conditions normally used for preparation of catalysts and sorbents, the eﬀect is hidden by the analytical accuracy of the measurements and reversible equilibria are obtained. A convenient way to store a batch of zeolite for ion-exchange studies is to store the carefully washed material in a chamber or vessel over a saturated aqueous solution of NH4Cl (7). This procedure maintains the zeolite with a constant water content because the water activity of a saturated NH4Cl solution does not change much with small changes in temperature. Needless to say, the silica to alumina mole ratio (SAR) and X-ray crystal purity of the zeolite being studied has to be carefully determined. We have always used phase-pure, highly crystalline materials for our ion-exchange studies. B.



Ion-Exchange Measurements and Presentation of the Data



Ion-exchange data are obtained by contacting a quantity of zeolite with a quantity of solution for a period of time at constant temperature, separating the two phases, and analyzing the solution and/or the zeolite to ascertain the composition of the exchanging ions. Usually, the solution is aqueous. The contact time is usually suﬃcient to attain equilibrium although that is not always necessary in the case of the design of commercial processes. The solution normality is almost always held constant to facilitate interpretation of the data. As an example, consider the ion-exchange isotherm for the Li-Na-X system at 0.1 total normality of chloride solution and 25jC shown in Fig. 1 (5). The reaction is: Lisþ þ Nazþ ] Lizþ þ Nasþ



ð2Þ



The subscripts s and z refer to the solution and zeolite phases. In Fig. 1 the abscissa is the equivalent fraction of ions in solution that are Li+ and the ordinate is the equivalent fraction of ions in the zeolite that are Li+. S¼



equivalents of Liþ in solution equivalents of Liþ þ Naþ in solution



ð3Þ



Z¼



equivalents of Liþ in zeolite equivalents of Liþ þ Naþ in zeolite



ð4aÞ



The equivalent fraction of ions in the zeolite can also be expressed as Z¼



equivalents of Liþ in zeolite g atoms of Al in the zeolite
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ð4bÞ



because there is an equivalent of charge-balancing cation in the zeolite for each g atom of Al. An example of di-univalent ion exchange is shown in Fig. 14 (6) in which we have plotted the data for the Ca-Na-A system at 0.1 total normality and 25jC. The reaction is: Cas2þ þ 2Nazþ ] Caz2þ þ 2Nasþ



ð5Þ



Visual inspection of the ion-exchange isotherm allows us to make some conclusions as to the preference of the zeolite for the ingoing or outgoing cation. If we draw a line through the points (0,0) and (1,1) in Fig. 1 or Fig. 2 we obtain the unit selectivity line. If the isotherm is described by this line, then the zeolite has no preference for the ingoing ion over the outgoing ion. If the isotherm lies above the unit selectivity line, then the zeolite prefers the ingoing ion. In the parlance of ion exchange we say that the zeolite is selective for the ingoing ion. The isotherm for the Ag-Na-X system shown if Fig. 5 indicates that zeolite NaX is very selective for, or strongly prefers, Ag+. By contrast, the isotherm in Fig. 1 indicates that zeolite X is very selective for Na+ over Li+ (5). A similar graphical representation of ion-exchange isotherms was used by Professor R. M. Barrer and is still used by his students and their students. In their plots of the data the abscissa is Z and the ordinate is S. Isotherms are plotted using either scheme throughout the literature. Visual inspection of the isotherms allows the same conclusions to be reached in either case. III.



ION EXCHANGE IN ZEOLITES X AND Y



A.



Uni-Univalent Ion Exchange



A very thorough study of ion-exchange equilibria in the synthetic zeolites X and Y was done by Sherry (5) and Barrer and Rees (8–10). The isotherms for Li+, K+, Rb+, Cs+, Ag+, and Tl+ ion exchange of NaX at 25jC and 0.1 total normality are shown in Figs. 1–6. The anion is Cl for the alkali metal ions and NO3 for the Ag+ and Tl+ systems. The Li-Na isotherm was discussed above. The K-Na isotherm winds around the



Fig. 1 The ion-exchange isotherm for the Li-Na-X system at 0.1 total normality and 25jC. o, Lis+ + Naz+; D, Nas+ + Liz+. (From Ref. 5.)
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Fig. 2 The ion-exchange isotherm for the K-Na-X system at 0.1 total normality and 25jC. o, Ks+ + Naz+; D, Nas+ + Kz+. (From Ref. 5.)



unit selectivity line. At low K+ loading, zeolite NaX shows a slight preference for K+ and at higher loading this preference reverses. The isotherms at 25jC for Li+, K+, Rb+, Cs+, Ag+, and Tl+ ion exchange of NaY taken from Sherry (5) are shown in Figs. 7–12. The Li-Na and K-Na isotherms resemble those for zeolite X. The Rb-Na and Cs-Na isotherms for zeolite Y are diﬀerent from those for zeolite X in that they show a deﬁnite termination at about 68% exchange. The Tl-Na isotherm also shows a deﬁnite termination at 68% exchange in zeolite Y. The diﬀerences in the uni-univalent ion exchange properties of zeolites X and Y can be understood in terms of their framework structure and the location of the cations that balance the negative charges on the aluminosilicate framework. The structure of the



Fig. 3 The ion-exchange isotherm for the Rb-Na-X system at 0.1 total normality and 25jC. o, Rbs+ + Naz+; 5, Nas+ + Rbz+. (From Ref. 5.)
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Fig. 4 The ion-exchange isotherm for the Cs-Na-X system at 0.1 total normality and 25jC. o, Css+ + Naz+. (From Ref. 5.)



aluminosilicate framework is the same for zeolites X and Y (11). Both are isostructural with the natural zeolite, faujasite (12). This framework structure is shown in Fig. 13. The faujasite structure can be formed by arranging sodalite cages in a tetrahedral array, as carbon atoms are connected in diamond. Pairs of sodalite cages are linked through rings of six shared oxygen atoms to form hexagonal prisms. The tetrahedral array of sodalite cages enfolds much larger cages, often called supercages. The entrances to the sodalite cages are small rings of six tetrahedra (rings of AlO2 and SiO2 groups, six-rings). The entrances to the supercages are large rings of 12 tetrahedra (12-rings). An early X-ray powder diﬀraction study (13) of a hydrated NaX containing 80 Na atoms per unit cell showed that 16 Na atoms per unit cell were located in the hexagonal



Fig. 5 The ion exchange isotherm for the Ag-Na-X system at 0.1 total normality and 25jC. o, Ags+ + Naz+. (From Ref. 5.)
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Fig. 6 The ion-exchange isotherm for the Tl-Na-X system at 0.1 total normality and 25jC. o, Tls+ + Naz+ (From Ref. 5.)



prisms, one in each of the 16 hexagonal prisms per unit cell. Of the remaining cations, 32 were in the supercages located near the rings of 6 tetrahedra that are the connecting ‘‘windows’’ between the supercages and the sodalite cages. The remaining cations could not be located by X-ray powder diﬀraction and were believed to be mobile, hydrated ions in the supercages. A study of a single crystal of NaX by D. H., Olson (14) found 4 Na atoms per unit cell in the hexagonal prisms, 8 in the sodalite cages, and 24 in the supercages near the center of the rings of 6 tetrahedra. Again, the remainder could not be located and were presumed to be mobile, hydrated cations in the supercages. The X-ray structure determination of hydrated faujasites (12) showed that there are 17 cations in the 8 sodalite cages that are in



Fig. 7 The ion-exchange isotherm for the Li-Na-Y system at 0.1 total normality and 25jC. o, Lis+ + Naz+; 5 Nas+ + Lis+. (From Ref. 5.)



Copyright © 2003 Marcel Dekker, Inc.



Fig. 8 The ion –exchange isotherm for the K-Na-Y system at 0.1 total normality and 25jC: o, Ks+ + Naz+; 5 Nas+ + Kz+. (From Ref. 5.)



a unit cell. All of the structural studies agree that there are 16 or 17 cations in the network of sodalite cages and hexagonal prisms (network of small cages). The structural factors that are important for understanding ion exchange are that the exchanging cations must diﬀuse through a series of rings of 12 tetrahedra (12-rings) with a free diameter of 8–9 A˚ (13) in order for ion exchange to occur in the supercages. They must diﬀuse from these large cages through a 6-ring with a free diameter of 2.5A˚ (13) in order for the ingoing ions to replace the Na+ ions located in the network of small cages. The Rb-Na-Y and Cs-Na-Y isotherms in Figs. 9 and 10 show that 32% of the Na+ ions cannot be replaced. This particular NaY has a silica to alumina mole ratio (SAR) of 5.6. It contains 50 Na+ per unit cell. Thus, the number of Na+ per unit cell that cannot be



Fig. 9 The ion-exchange isotherm for the Rb-Na-Y system at 0.1 total normality and 25jC. o, Rbs+ + Naz+; D Nas+ + Rbz+. (From Ref. 5.)
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Fig. 10 The ion-exchange isotherm for the Cs-Na-Y system at 0.1 total normality and 25jC. o, Css+ + Naz+; D Nas+ + Csz+. (From Ref. 5.)



replaced by Rb+ and Cs+ is 16, or 32% of the total. This result is not unexpected because the crystal radii of Rb+ and Cs+ are 1.48 and 1.69 A˚ (15), and they are too large to diﬀuse through the 6-rings that are the entrances to the sodalite cages and hexagonal prisms. Rb+ and Cs+ exchange of NaX is less easy to understand because the point at which their isotherms terminate is not clear. This particular NaX has 85 Na+ in a unit cell (2.56 SAR) and therefore 69 cations are in the large cages. Both Sherry (5) and Barrer et al. (10) showed that 32% of the cations, or 32 per unit cell could not be replaced by Rb+ and Cs+. In the latter study (10) it was suggested that at higher loadings these large cations crowd Na+ into the small cages—a volume eﬀect. If we examine the ion-exchange isotherms in Figs. 1–12 at low loading of the incoming ion, the selectivity series that we obtain for alkali metal cations is Cs>Rb>K>Na Li for



Fig. 11 The ion-exchange isotherm for the Ag-Na-Y system at 0.1 total normality and 25jC. o, Ags+ + Naz+. (From Ref. 5.)
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Fig. 12 The ion-exchange isotherm for the Tl-Na-Y system at 0.1 total normality and 25jC. o, Tls+ + Naz+. (From Ref. 5.)



Fig. 13 The framework structure of synthetic faujasite. (From Ref. 44.)
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zeolites X and Y. This is the selectivity series we would expect if the mobile, hydrated ions in the large cages are replaced. At 50–60% exchange the selectivity series that is observed for zeolites X and Y are Na >K>Rb H Cs H Li and Cs>Rb>K>Na H Li. The selectivity series of zeolite X can best be accounted for by the exchange of ions located in the large cages but near to, and coordinated to, framework oxygen atoms of the 6-rings. Thus, except for Li+ ions, the ion selectivity decreases with increasing ionic radius because bare, or partially bare, ions must interact with framework oxygen atoms. Li+ is an exception because of its high hydration energy (15). In terms of this model, all of the ions in the large cages of zeolite Y are hydrated and not sited because the selectivity for ions at 50–60% loading decreases with increasing ionic size and hydration energy (15). This picture is consistent with the numbers of water molecules and ions in zeolites X and Y. A unit cell of zeolite X contains 270 water molecules. Most of this water is in the large cages together with 69 cations. The numbers tell us that not all of the alkali metal cations can be fully hydrated, and X-ray crystallographic data conﬁrm this conclusion (14). A unit cell of zeolite Y contains almost the same number of water molecules as zeolite X but contains only 34 alkali metal cations in the large cages. These cations can be fully hydrated and behave that way from an ion-exchange point of view. Silver and thallium (I) do not ﬁt into a selectivity series based on crystal radii or hydration energy. These cations are very polarizable because of their electronic structure. They are highly polarized by the strong electric ﬁelds within zeolites and are very tightly bound to the anionic framework. Thus, the isotherms for Ag+ and Tl+ exchange of Na+ in zeolites X and Y shown in Figs. 5, 6, 11, and 12 fall well above the unit selectivity line. Tl+ exchange in NaY looks anomalous because only 68% loading of Tl+ was achieved in zeolite Y whereas 100% loading of zeolite X is achieved. According to Pauling (15), the crystal radius of Tl+ is 1.40 A˚, which is too large to ﬁt through the 2.5-A˚-diameter window between the supercage and the sodalite cage. However, the cation is polarizable. It probably does not ﬁt through the 6-ring at 25jC because of the contraction in the size of the unit cell as the SAR move changes from 2.56 for zeolite X to 5.6 for zeolite Y. For all of the univalent ions studied, the selectivity series for zeolites X and Y at low loadings is AgHTl(I)>Cs>Rb>K>Na Li. Studies of alkylammonium ion exchange of zeolites NaX and NaY (19) support the hypothesis that complete replacement of Na+ by Rb+ and Cs+ ions in the large cage of zeolite X is not possible due to the large volume of these cations—a crowding eﬀect. This study showed that in ion exchange involving alkylammonium ions the maximal extent of exchange decreases with increasing molecular weight. This result is consistent with the volume requirements of the incoming organic cations. B.



Di-Univalent Ion Exchange



A comprehensive study of alkaline earth ion exchange in zeolites X and Y over the temperature range of 5j–50jC was made by Sherry (7). Barrer et al. reported on alkaline earth ion exchange of zeolite X at 25jC (10). Barrer et al. reported on zeolite Y at 25jC (8). The ion-exchange isotherms for Ca2+, Sr2+, and Ba2+ ion exchange of zeolites X and Y at 0.1 total normality of chloride solution, taken from Sherry (7), are presented in Figs. 14–24. These isotherms show that 100% exchange is not achieved in all cases. Complete exchange of NaX was achieved by Ca2+ and Sr2+ at 25jC and 50jC (Figs. 14–17) and with Ba2+ at 50jC (Fig. 19). The solid line in Fig. 14 is a Ca2+-Na+ ion exchange isotherm obtained using 1 h of exchange time at 25jC. It shows that only 82% exchange occurs at short contact times. Sherry (7) reported that at 5jC and 25jC when
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Fig. 14 The ion-exchange isotherm for the Ca-Na-X system at 25jC and 0.100 total normality. (From Ref. 7.)



a 1000-fold excess of Ba2+ is used only 82% of the Na+ can be replaced from NaX over 4 weeks. Only 68% of the Na+ in NaY can be replaced by Ca2+, Sr2+, or Ba2+ ions in a reasonable time (Figs. 20–24) at temperatures up to 50jC. The inability of Ba2+ to exchange the Na+ in the network of small cages of zeolite X at 25jC can be attributed in part to the ionic radius of the bare ion being 1.35 A˚ (15). However, K+ ions, with an ionic radius of 1.33 A˚ (15), diﬀuse rapidly into the small cages of zeolite X. Increasing the temperature to 50jC permits Ba2+ ions to rapidly penetrate the sodalite cages. We hypothesize that three factors contribute to the replacement of Na+ by Ba2+ in the network of small cages at 50jC: 1. The increase in temperature supplies energy of dehydration. 2. The increase in temperature provides additional kinetic energy for diﬀusion of the bare ions into the sodalite cages. 3. The increase in temperature causes greater vibration of the aluminosilicate framework.



Fig. 15 The ion-exchange isotherm for the Ca-Na-X system at 50jC. o, 0.103 total normality; 5, 0.050 total normality. (From Ref. 7.)
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Fig. 16 The ion-exchange isotherm for the Sr-Na-X system at 25jC and 0.100 total normality. (From Ref. 7.)



The isotherms for Sr-Na-X at 25jC and 50jC (Figs. 16 and 17) have a very unusual shape. Close inspection shows that there is a region of these curves where the zeolite phase varies in composition at constant composition of the solution phase. This result appears to violate the phase rule. An X-ray powder diﬀraction study by Olson and Sherry (17) shows that when Sr2+ ions are exchanged into NaX the cubic unit cell contacts. At 71% Sr loading, the unit cell suddenly expands and a new phase forms that is richer in Sr than the original phase. This data explain the unusual ion-exchange isotherm found for the Sr-NaX system. The ion-exchange isotherm shown in Fig. 16 has a sudden vertical rise at about 70% Sr loading because a new Sr-rich phase forms that that is not miscible in the old Srpoor phase. These two phases are not miscible in each other because the Sr-rich phase has a signiﬁcantly larger unit cell size than the Sr-poor phase. Over the range of Sr2+ ion



Fig. 17 The ion-exchange isotherm for the Sr-Na-X system at 50jC and 0.100 total normality. (From Ref. 7.)
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Fig. 18 The ion-exchange isotherm for the Ba-Na-X system at 25jC and 0.100 total normality. (From Ref. 7.)



loading from 71% to 87% the new phase grows at the expense of the old phase until ﬁnally the Sr-poor phase disappears. The Sr-Na-X system is not the ﬁrst example of limited miscibility of end members. Barrer and Hinds (18) reported that K+ ion exchange of Na-analcite converts some of the crystals to K-leucite at low levels of K loading. The two-solid phase region extends over almost the complete range of ion exchange. Two solid phases were also obtained in the Tl-Na-, Rb-Na-, Tl-K-, and Ag-Na-analcite systems (18). It would appear that almost complete immiscibility of end members occurs when a large ion replaces a small one in a zeolite that has a fairly dense framework structure. The Sr-Na-X system is more complicated. Olson and Sherry (17) have shown that in the new, Sr-rich, expanded phase the cation sites in the hexagonal prisms are empty, whereas in the Sr-poorer phase they are almost completely occupied by Na+. The loss of positive charge in the hexagonal prisms may cause the O atoms to move apart, resulting in a large expansion of the unit cell.



Fig. 19 The ion-exchange isotherm for the Ba-Na-X isotherm at 50jC and 0.1 total normality. (From Ref. 7.)
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Fig. 20 The ion-exchange isotherm for the Ca-Na-Y system at 25jC and 0.1 total normality. (From Ref. 7.)



Despite all the complexities of phase transition and sieving of large cations from the small cages, below 50% loading the alkaline earth ion selectivity series is Ba2+>Sr2+> Ca2+. The selectivity decreases with decreasing size and increasing dehydration energy of the hydrated ion. C.



Rare Earth Ion Exchange



In 1969, Sherry (20) reported on rare earth ion exchange in zeolites NaX and NaY. The isotherms are shown in Fig. 25. The most important result of this work was to show that La3+ ions cannot easily replace the Na+ ions that are in the network of small cages of zeolites X and Y. The isotherms for La-Na-X and La-Na–Y systems, obtained at 25jC, terminate at 85% and 68% exchange, respectively. At higher temperatures there is a very slow replacement of the Na+ in the network of small cages by La3+. The isotherms obtained at 82.2jC show that a small amount of the Na+ in the small cages is replaced in a reasonable amount of time. The ion-exchange reaction can be accelerated by the use of



Fig. 21 The ion-exchange isotherms for the Ca-Na-Y system at 50jC. o, 0.103 total normality; 5, 0.051 total normality. (From Ref. 7.)
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Fig. 22 The ion-exchange isotherm for the Sr-Na-Y system at 50jC and 0.100 total normality. (From Ref. 7.)



very high temperatures under autogenous pressure (21). But high-temperature ion exchange using rare earth chloride solution under autogeneous pressure is not simple. Sherry and Schwartz (21) showed that, at the pH of rare earth chloride solutions and the temperatures required to accomplish appreciable replacement of the Na+ in the small cages at a reasonable rate, appreciable crystallinity can be lost. They showed that at suﬃciently high temperature the ion-exchange reaction is much faster than the reactions that are responsible for loss of crystallinity. Therefore, high temperatures and short contact times are recommended (21). A more convenient method for preparing low-Na rare earth X or Y was described by Sherry (22). He showed that at 25jC the following process produces a low-Na rare earth X or Y: 1. Ion exchange with 0.3 N LaCl3 at 25jC to replace all or most of the Na+ in the large cages.



Fig. 23 The ion-exchange isotherm for the Sr-Na-Y system at 25jC and 0.100 total normality. (From Ref. 7.)
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Fig. 24 The ion-exchange isotherm for the Ba-Na-Y system at 25jC and 0.100 total normality. (From Ref. 7.)



2. Calcine the product of the ﬁrst step at 370j for 40 min or at 482jC for 20 min. 3. Re-exchange the product of the second step with 0.3 N LaCl3 to replace the remaining Na+ ions. Sherry (22) described the phenomenon that takes place in the second step as an intercage exchange of Na+ and La3+ ions. When the water molecules in the large cages are removed during calcination, La3+ ions diﬀuse into the sodalite cages and Na+ ions diﬀuse into the large cages where they are readily replaced by La3+ in the third step. Sherry also showed (22) that after calcination the rare earth cations from step 1 are not exchangeable and cited evidence that they form a very stable complex with a water molecule and oxygen atoms in the sodalite cages. The results of this three-step process are



Fig. 25 The ion-exchange isotherms for the La-Na-X and La-Na-Y systems at 0.3 total normality and at 25jC and 82.2jC using LaCl3. o, Las3+ + 3NaX X LaX3 + 3Nas+ at 25jC; D, Las3+ + 3NaY X LaY3 + 3Nas+ at 25jC; w , Las3+ + 3NaX X LaX3 + 3Nas+ at 82.2jC; 5, Las3+ + 3NaY X LaY3 + 3Nas+ at 82.2jC. (From Ref. 20.)
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Fig. 26 The eﬀect of heating on the ion-exchange properties of La82Na18X at 25jC and 0.3 total normality of LaCl3. o, La3+ + 3NaX (not dried or dried ); j, 3Na+ + La82Na18X (not dried); D, La3+ + La82Na18X (dried at 121jC for 24 h); w , La3+ + La82Na18X (dried at 425jC for 15 min); 5, 3Na+ + La82Na18X (dried at 121jC for 24 h). (From Ref. 22.)



illustrated in Figs. 26 and 27. This technique of exchange, calcine, and re-exchange to produce low-Na zeolites X and Y will work with other cations provided that the inhibition to replacement of Na+ in the small cages is not due to the bare ion size of the ingoing cation. Rare earth cations are much smaller than the opening into the sodalite cages (15). Thus, it is the size of the hydrated ion that inhibits movement into the small cages in the ﬁrst step. In this same study (22), it was shown that any combination of time and temperature of calcination in the second step that removes water molecules allows the third step to be accomplished. It was shown that the rare earth cations present in the ﬁrst step are not



Fig. 27 The eﬀect of heating on the ion-exchange properties of La66Na34Y at 25jC and 0.3 total normality. o, La3+ + 3NaY (not dried or dried); w , La3+ + La66Na34Y (dried at 121jC for 24 h); E, 3Na+ + La66Na34Y (dried at 121jC for 24 h). (From Ref. 22.)
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Fig. 28 The eﬀect on the LaNaX system of varying total normality at 25jC. D, 0.06 total normality; 5, 0.3 total normality; o, 3.85 total normality. (From Ref. 20.)



exchangeable in the third step. They are ﬁxed in the structure most probably due to the stability of the bonds to framework and water oxygen atoms in the sodalite cages. Even exhaustive ion exchange with ammonium salt solutions could not re-exchange these rare earth cations. A direct correlation between the number of water molecules removed per unit cell in the second step and the number of rare earth cations that are ﬁxed was demonstrated in Ref. 22. Rare earth ion exchange enables us to demonstrate the ‘‘electroselective eﬀect.’’ The eﬀect is illlustrated in Fig. 28 where the isotherms for the La-Na-X system are shown at 0.06, 0.30, and 3.85 total normality of chloride solution at 25jC. It can be seen that the selectivity of La3+ over Na+ decreases with increasing total normality. The statement of the Electoselectivity eﬀect is that when the ingoing ion is more highly charged than the outgoing ion, the preference for the ingoing ion decreases with increasing solution normality. The converse is also true. Increasing the total normality favors the lower charged ion. IV.



ION EXCHANGE IN ZEOLITE A



A.



Uni-Univalent Exchange



The framework structure and most of the cation positions are known for hydrated zeolite NaA (13). Zeolite A is formed by stacking sodalite cages. However, instead of being joined through adjacent 6-rings to form hexagonal prisms as is the case for zeolites with the faujasite structure, they are joined through adjacent 4-rings to form square prisms. The sodalite cages stack in a simple cubic array with a large cage in the center of the cube (Fig. 29). The entrance to the large cage is an 8-ring with a free diameter of 4 A˚. The window between the large cage and sodalite cage is a 6-ring with a free diameter of 2.5 A˚. There are 12 Na+ per unit cell, all in the one large cage per unit cell. Eight are located near the center of the 6-rings separating the large and small (sodalite) cages, one near the center of each of the eight 6-rings per unit cell. The other four Na atoms have not been located and they are assumed to be dissolved in the zeolitic water in the large cages.
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Fig. 29 Zeolite A structure. (From Ref. 44.)



Barrer and Falconer (25) and Barrer and Meier (26) studied Li+, K+, Rb+, and Cs ion exchange of NaA. Their results are not much diﬀerent than what was obtained with NaX as far as the isotherm shapes and the selectivity series. Both Sherry (27) and Barrer and coworkers (25,26) reported that zeolite A, which has a SAR of 2, has a very high selectivity for Ag+ and Tl+ ions—even higher than does zeolite X. Ion exchange isotherms are shown in Figs. 30 and 31. +



B.



Di-Univalent Ion Exchange



Ion-exchange isotherms for the Ca-Na-A, Sr-Na-A, and Ba-Na-A systems (27) are shown in Figs. 32–34. These isotherms lie farther above the unit selectivity line than those for



Fig. 30 The ion-exchange isotherm for the Ag-Na-A system at 0.1 total normality and 25jC. o Ags+ + Naz+. (From Ref. 27.)
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Fig. 31 The ion-exchange isotherm for the Tl-Na-A system at 0.1 total normality and 25jC. o, Tls+ + Naz+. (From Ref. 27.)



zeolite X, indicating that zeolite NaA is even more selective for alkaline earth ions than zeolite NaX. Again, the selectivity series is Ba2+>Sr2+>Ca2+. Thus , the least hydrated ion is most preferred. We will show later in the section on the thermodynamics of ion exchange that the explanation for this selectivity series lies in both the zeolite and the solution phase. A study of Cd2+ and Pb2+ ion exchange of NaA has been reported (28). This work showed that zeolite NaA is extremely selective for these two heavy cations. The isotherms are shown in Figs. 35 and 36. Just as in the case of Ag+ and Tl+, the cause of the high selectivity lies in the polarizability of these divalent cations by the strong electric ﬁelds within the zeolite crystals. Figure 36 shows that overexchange of Cd2+ occurred when Cd(CH3COO)2 is used instead of Cd(NO3)2. This is undoubtedly due to the partial hydrolysis of Cd2+ to form Cd(OH)+ resulting from the use of the basic acetate anion. Later work (29) demonstrated the occurrence of Pb overexchange in zeolites NaX and NaY.



Fig. 32 The ion-exchange isotherm for the Ca-Na-A system at 0.1 total normality and 25jC. o, Cas2+ + 2Na+, radioactive tracer used; w , Cas2+ + 2Na+, no radioactive tracer used. (From Ref. 27.)
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Fig. 33 The ion-exchange isotherm for the Sr-Na-A system at 0.1 total normality and 25jC. o, Srs2+ + 2Naz+, no radioactive tracer used; 5, 2Nas+ + Srz2+, no radioactive tracer used; D, Srs2+ + 2Na+, radioactive tracer used. (From Ref. 27.)



V.



ION EXCHANGE IN SOME SYNTHETIC AND NATURAL ZEOLITES WITH INTERMEDIATE SAR



A.



Ion Exchange in Zeolite T and Erionite



Thus far, we have considered zeolites with low SARs ranging from 2.0 for zeolite A to 5.6 for zeolite Y. More siliceous zeolites are expected to have diﬀerent ion selectivities. Sherry (30) has studied univalent and divalent ion exchange in the synthetic zeolite T, a zeolite with a SAR of 7. This zeolite is essentially a synthetic version of the natural zeolite, oﬀretite, with small intergrowths of erionite (31). The oﬀretite structure (Fig. 37) is capable of exhibiting ion-sieving eﬀects because it has two networks of channels. The more open network consists of channels with 12-ring openings having an eﬀective diameter of



Fig. 34 The ion-exchange isotherm for the Ba-Na-A system at 0.1 total normality and 25jC. o, Bas2+ + 2Naz+, no radioactive tracer used; 5, 2Nas+ + Baz2+, no radioactive tracer used; D, Bas2+ + 2Na+, radioactive tracer used. (From Ref. 27.)
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Fig. 35 CdNO3-Na-A system at 0.1 total normality. o, NO3 at 5j; 5, at 25jC; NO3; Q, NO3 at 50jC; x, Cl at 25jC. (From Ref. 28.)



6.7 A˚ for spherical cations. These channels do not intersect and run parallel to the c axis of the hexagonal unit cell. A denser network consists of columns of alternating cancrinite cages and hexagonal prisms. These columns are also parallel to the c axis and link together to form columns of gmelinite cages and the long column bounded by 12-rings. The gmelinite cages open into the large channels via 8-rings with an eﬀective diameter of 3.6 A˚. The window into the cancrinite cage is a very puckered 6-ring having a limiting dimension of 1.76 A˚. The long open channel is randomly blocked by intergrowths of erionite. The oﬀretite structure is shown in Fig. 37. Exhaustive ion exchange of a batch of KT having an anhydrous unit cell composition of K4[(AlO2)4(SiO2)14] with Cs+, Rb+, Ca2+, Ba2+, and NH4+ showed that only three of the four K+ ions in a unit cell could be replaced (27). One was not exchangeable. It was concluded that, because of the size of the K+ ion (Pauling diameter of 2.66 A˚) (15), one was trapped in the one cancrinite cage in a unit cell during synthesis. The exchange-



Fig. 36 Cd(CH3COO)2 -Na-A system at 0.1 total normality. o, NO3 at 5jC; 5, at 25jC; NO3; Q NO3 at 50jC. (From Ref. 28.)
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Fig. 37



Oﬀretite framework structure. (From Ref. 30.)



able K+ in a batch of zeolite T was replaced by Na+ to produce a zeolite with the anhydrous formula of Na3K[(AlO2)4(SiO2)14]. This zeolite and the pure K form were used to obtain the isotherms shown in Figs. 38–44. In these ﬁgures 100% exchange means replacement of the three exchangeable ions per unit cell. These isotherms show that NaT is very selective for K+, Rb+, and Cs+ and much more so than was found for zeolites NaA and NaX. The selectivity of Ca2+ is considerably less than was found for NaA and NaX. NaT is selective for Ag+ but less so than NaA and NaX. The structure of the natural zeolite erionite is closely related to that of oﬀretite, which is why the two zeolites can intergrow. The ion-exchange properties of natural erionite have also been studied (32). After exhaustive Na+ ion exchange, the zeolite has an idealized anhydrous unit cell composition of Na6K2[(AlO2)8(SiO2)28]. It has twice the unit cell size of oﬀretite and therefore has two cancrinite cages in a unit cell, and it was concluded that the unexchangeable K+ were in the two cancrinite cages in a unit cell. This zeolite shows selectivities for alkali metal and alkaline earth cations that are very similar to those of oﬀretite (Figs. 45–50). Again, 100% exchange represents replacement of all of the exchangeable ions. B.



Chabazite



Ion exchange of chabazite from Bowie, Arizona was studied by Dyer and Zubair (33). Their results are very similar to those obtained by Sherry for erionite (32). Cesium is strongly preferred over sodium and also strongly preferred over calcium and magnesium, resulting in very rectangular ion-exchange isotherms. This zeolite had a 4.1 SAR. C.



Clinoptilolite



An ion-exchange study of clinoptilolite with an SAR of 8.34 (34) showed that ammonium ion is preferred over sodium and that sodium was preferred over the divalent cations zinc,
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Fig. 38 Na-Li-T ion-exchange isotherm at 0.1 total normality and 25jC. o, Lis+ + Naz+. (From Ref. 30.)



Fig. 39 Na-K-T ion-exchange isotherm at 0.1 total normality and 25jC. o, Nas+ + Kz+. (From Ref. 30.)
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Fig. 40 Rb-Na-T ion-exchange isotherm at 0.1 total normality and 25jC. o, Rbs+ + Naz+. (From Ref. 30.)



Fig. 41 Cs-K-T ion-exchange isotherm at 0.1 total normality and 25jC. o, Css+ + Kz+. (From Ref. 30.)
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Fig. 42 Ag-Na-T ion-exchange isotherm at 0.1 total normality and 25jC. o, Ags+ + Naz+. (From Ref. 30.)



Fig. 43 Ca-Na-T ion-exchange isotherm at 0.1 total normality and 25jC. o, Cas2+ + 2Naz+. (From Ref. 30.)
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Fig. 44 Ba-K-T ion-exchange isotherm at 0.1 total normality and 25jC. o, Bas2+ + 2Kz+. (From Ref. 30.)



Fig. 45 Li-Na-Erionite ion-exchange isotherm at 0.1 total normality. Lis+ + Naz+; o 25jC, (From Ref. 32.)
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. 5jC.



Fig. 46 K-Na-Erionite ion-exchange isotherm at 0.1 total normality. Ks+ + Naz+; o 25jC, (From Ref. 32.)



. 5jC.



copper, and cadmium. They also showed that although there was ion sieving with divalent lead it was preferred to sodium. D.



Zeolite L



According to the structure determined by Barrer and Villiger (35), there are cations located in hexagonal prisms, in cancrinite cages, and in the main channel of this channel structure. In 1983, Newell and Rees (36) used techniques similar to those developed by Sherry (22) in 1976 to study the migration of cations from the readily exchanged sites in the main channel into sites in the hexagonal prisms and cancrinite cages and the lack of



Fig. 47 Rb-Na-Erionite ion-exchange isotherm at 0.1 total normality. Rbs+ + Naz+; o 25jC, 5jC. (From Ref. 32.)



.
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Fig. 48 Cs-Na-Erionite ion-exchange isotherm at 0.1 total normality. Css+ + Naz+; o 25jC, (From Ref. 32.)



. 5jC.



exchangablity of these cations. They did this by exchanging various alkali metal, alkaline earth, and transition metal cations into the sites that were readily available for exchange— the so-called open sites. The zeolites were then calcined at various temperatures. They were exhaustively back-exchanged with ammonium chloride solutions. It was found that varying amounts of cations migrated from the open sites to the sites in the small cages. These cations were locked in and unavailable for re-exchange—another example of the irreversibility of ion exchange in a zeolite with exchange sites in large and small cages.



Fig. 49 Ca-Na-erionite ion-exchange isotherm at 0.1 total normality. Cas2+ + 2Naz+; o 25jC, 5jC. (From Ref. 32.)



.
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Fig. 50 Sr-Na-erionite ion-exchange isotherm at 0.1 total normality. Srs2+ + 2Naz+; o 25jC, 5jC. (From Ref. 32.)



.



Fig. 51 Isotherm for [Pt(NH3)4]2+ f Na+ exchange in X. Forward points (o), reverse points (x); direct analysis of fully exchanged solid ( ). (From Ref. 37.)



.
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Fig. 52



Isotherm for [Pt(NH3)4]2+ f Na+ in Y. (From Ref. 37.)



Fig. 53 Isotherm for [Pd(NH3)4]2+ f Na+ in X. (From Ref. 37.)
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Fig. 54 Isotherm for [Pd(NH3)4]2+ f Na+ in Y. (From Ref. 37.)



VI.



NOBLE METAL ION EXCHANGE IN ZEOLITES NaX, NaY, AND MORDENITE



Fletcher and Townsend (37) studied the exchange Pt(NH3)42+ and Pd(NH3)42+ ions into NaY, NaX, and NaMOR. Incomplete ion exchange of sodium was obtained with either noble metal complex cation in zeolite X, Y, and mordenite. Their ion-exchange isotherms are shown in Figs. 51–56. Figures 51–54 show that the maximal level of exchange for both Pd and Pt was about 70% in zeolite Y and and 60% in zeolite X. In the case of zeolite Y that cut-oﬀ corresponds to replacing all of the sodium cations in the supercages of the zeolite because 70% are located in the supercages. The same result was obtained with large cations like Cs+ (7) and small but highly hydrated cations like La3+ (20). The cut-oﬀ point of 60% in zeolite X indicates that these complex cations are too large to replace all of the cations in the supercages of NaX. In this zeolite 82% of the Na+ are located in the supercages. Most likely when too many of the large complex cations move into the supercages of NaX they crowd out some of the sodium ions into the sodalite cages. One could look at this as a ‘‘volume eﬀect.’’ The same eﬀect has been observed with ammonium alkyl exchange (38) and the exchange of amine complexes of copper(II) and silver(I). Figures 55 and 56 show that the maximal exchange level in mordenite is 60%. Fletcher and Townsend (37) state that this result represents exchange of more than the 50% of the total Na + that are expected to reside in the main channels. The removal of more sodium than resides in the large channel of Na-mordenite indicates that loading up the large channels with platinum and palladium amine complexes causes more Na+ to move from the side channels of the zeolite into the main channel.
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Fig. 55 Isotherm for [Pt(NH3)4]2+ f Na+ in MOR. (From Ref. 37.)



Fig. 56
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Isotherm for [Pd(NH3)4]2+ f Na+ in MOR. (From Ref. 37.)



Fig. 57



VII. A.



H3O+-Na+ exchange isotherm of NaY using Dowex 50X8 at 25jC. (From Ref. 39.)



ION EXCHANGE OF SILICA-RICH ZEOLITES Hydronium Ion Exchange



A clever technique was used Chu and Dwyer (39) to H3O+ ion-exchange zeolites Y, mordenite, ZSM-4, ZSM-5, and ZSM-11 from very dilute solution using an acid ionexchange resin. Before ion exchanging the zeolites that contained organic amine cations they were calcined in an NH3 atmosphere to decompose the organic cation and then exchanged with a sodium salt solution. The resulting products had the same SAR as the uncalcined zeolites and an Na/Al ratio of 1. These sodium zeolites were then ion exchanged by contacting them with Dowex 50W-X8 in the H3O+ form that was separated from the zeolite by a dialysis membrane. The H3O+-Na+ ion exchange occurred in inﬁnitely dilute solution eliminating acid attack of the zeolites. In some cases exchange was done with dilute acid for comparision. Their ion-exchange isotherms are shown in Figs. 57–61. All of the zeolites maintained SAR, exchangeable-cation/aluminum ratio, and crystallinity after H3O+ ion exchange as well as after back-exchange with Na+. Figures 57 and 58 show cut-oﬀs of 80% and 66% exchange for zeolites Y and ZSM-4 using Dowex 50W-X8 in the H3O+ form. Figures 59 and 61 show that exchange of NaZSM-5 and mordenite with H3O+ ions using the hydrogen resin and using 0.1 N HCl give the same results. No crystallinity is lost when 0.1 N HCl was used. The zeolite could be completely re-exchanged with Na+ ions in both cases. All of the high-silica zeolites show a high selectivity for H3O+ ions over Na+. However, only 72% of the Na+ ions could be replaced from NaY and only 67% could be replaced from NaZSM-4. In the case of zeolite Y the remaining Na+ ions are probably in the sodalite cages and hexagonal prisms. In the case of ZSM-4 the remaining Na+ are probably in the gmelinite cages of this structure (40).
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Fig. 58



H3O+-Na+ exchange isotherm of ZSM-4 using Dowex 50X8 at 25jC. (From Ref. 39.)



Fig. 59 H3O+-Na+ exchange isotherm of precalcined ZSM-5 at 25jC; o, 0.1N HCl; D Dowex 50X8. (From Ref. 39.)
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Fig. 60



H3O+-Na+ exchange isotherm of ZSM-11 using Dowex 50X8 at 25jC. (From Ref. 39.)



Fig. 61 H3O+-Na+ exchange isotherm of mordenite at 25jC; o, 0.1N HCl; D Dowex 50X8. (From Ref. 39.)
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Fig. 62 The NH4+–Na+ exchange isotherms of ZSM-5 at 25jC. (1) Pure Na form, organics removed. (2) As synthesized. (From Ref. 41.)



Fig. 63 The NH4+–Na+ exchange isotherms of ZSM-5 of varying SAR at 25jC. o, 40; Q, 70; 5, 140. (From Ref. 41.)
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Fig. 64 The dependence of ZSM-5 selectivity on the temperature of equilibration of NH4+–Na+ exchange isotherms: (1), 25jC; (2) 75jC. (From Ref. 41.)



B.



Inorganic Ion Exchange of ZSM-5



A valuable study of the ion-exchange properties of ZSM-5 was done by Chu and Dwyer (41) in 1983. They prepared the NH4+ and Na+ forms of ZSM-5 with SARs of 40 and 70 and ZSM-11 with a SAR of 77.5 by calcination of the as-synthesized zeolites in an ammonium atmosphere followed by exhaustive NH4+ or Na+ ion exchange. Their ionexchange isotherms are shown in Figs. 62–69. Figure 62 shows that if one attempts to exchange ammonium ion into the as-synthesized TPA-ZSM-5 only partial exchange is possible. Occluded salts and possible trapping of TPA cations are responsible. On the other hand, the isotherm for the pure Na form shows complete exchange. Figures 63 and 64 show the high selectivity of the zeolite for NH4+ ions over Na+ ions. They also show that the selectivity for NH4+ varies little with SAR and decreases with increasing temperature. The isotherms in Figs. 65 and 66 involve ion exchange of the NH4+ form of ZSM-5. Examination of these isotherms shows that Cs+ and H3O+ ions are preferred to ammonium ions and can replace all of the cations in the zeolite. All of the other alkali metal cations are preferred much less than ammonium ion. The selectivity series for univalent ions is Cs>H3O>NH4>K>Na>Li. This series is in the decreasing order of the size of the bare ions. The isotherms for Cu2+ and Zn2+ show a slight preference over Na+ ions whereas the one for Ni2+ shows a slight preference for Na+ (Figs. 67–69). More importantly, the isotherms involving divalent transition metal ion exchange show that all of the Na+ ions are replaced. In a later work, Mathews and Rees (42) and McAleer et al. (43) also studied inorganic ion exchange in ZSM-5 as a function of SAR. They prepared Na-ZSM-5 by
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Fig. 65 Ion-exchange isotherms of H3O+ ions with NH4ZSM-5 at 25jC. o, 0.1 N HCl; D, Dowex 50X8. (From Ref. 41.)



calcining the as-synthesized TPA-ZSM-5 in air and then exhaustively ion-exchanging the zeolite with Na+ ions. This procedure is to be compared to the calcination in an ammonia atmosphere used by Chu and Dwyer (39,41), which probably introduced fewer faults into the zeolite structure. Nevertheless, calcination in air as done by Rees and coworkers is the most widely used procedure to prepare ZSM-5 catalysts. Matthews and Rees (42) found that all of the Na+ ions in Na-ZSM-5 were replaced by the other alkai metal cations regardless of SAR (they expressed SAR in terms of the number of Al atoms per unit cell, S=Al). Even the large Cs+ ion replaced all of the Na+ ions. Chu and Dwyer (41) already had reported that Cs+ ions replaced all of the ammonium ions in NH4-ZSM-5. McAleer et al. (43) found that K+ ions can replace all of the Na+ ions in Na-ZSM-5 regardless of the SAR (Fig. 70), but the degree of exchange with alkaline earth cations depends on the SAR of the zeolite and the ionic radii of the bare ions (Fig. 71). They showed that the maximal degree of divalent ion exchange increases with decreasing SAR and increases with increasing bare ion size. These results are more easily seen in Fig. 72. Why does a large cesium ion replace all of the sodium ions in Na-ZSM-5 regardless of SAR while the much smaller alkaline earth ions cannot? McAleer et al. (43) used a Monte Carlo simulation of the Al-Al distances in the zeolite structure to explain these results. This simulation showed that there is a distribution of Al-Al distances that varies with SAR. Their calculations showed that the distribution of Al-Al distances shifts to lower values with decreasing SAR. From these calculations and the experimentally determined maximal degrees of ion exchange, they concluded that the larger the bare divalent ion the larger the Al-Al distance that could be covered. If
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Fig. 66 Eﬀect of crystal size on the Cs+-NH4+ ion exchange isotherm of ZSM-5 at 25jC: o, small crystal (0.02–0.15 Am); D, large crystal (1–3 Am). (From Ref. 41.)



the bare divalent ion can cover two Al sites it can replace the two Na+ ions that are associated with those sites. A much simpler electrostatic argument was used by Sherry (44) in 1969 to show the diﬃculty in exchanging Na+ ions from zeolites as a function of SAR. This approach allows calculation of the standard free energy of exchange of univalent ions by divalent but does not allow for a distribution of Al-Al distances. It assumes an average Al-Al distance. C.



Organic Ion Exchange of ZSM-5



In 1988, Chu and Dwyer (45) described their work on organic ion exchange of Na-ZSM5. They prepared the Na form of ZSM-5 with SARs of 40 and 70 and ZSM-11 with a SAR of 77.5 using the technique described above. They then studied ion exchange of Na-ZSM-5 with tetramethylammoniuim ion (TMA), tetraethylammonium ion (TEA), tetrapropylammonium (TPA), benzyltrimethylammonium (BTMA), and C1–C4 mono-nalkylammonium and di-n-alkylammonium (MA, EA, PA, BA, M2A, E2A, P2A, B2A) ions. Na-ZSM-5 shows high selectivity for all of these organic cations. Of course, the organic cations that are too large to ﬁt into the small pores of the zeolite structure cannot replace all of the Na+. The authors show that the selectivity sequence correlates with ionic size: Na 
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