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and Kennedy data (4). Consequently one must conciude that, 
using current technology, boiler feedwater of necessary purity 
cannot be achieved to avoid supersaturation of the steam with 
respect to sodium ion present with chloride. 

Acknowledgment 

(5) Martinova, 0. I. Russian J.  Phys. Chem. (fngl. Tram/.) 1964, 3,, 
587. 

(6) Olandef. A.; Liande, H. Acta Chem. Scad.  1850, 4,  1437. 
(7) Bell, M. J.; Mravich, N. J.; Pocock. F. J.; Rubright, M. M. "Souds Be- 

havior in Once-Through Nuclear Steam Systems", presented at the 
America1 Power Conference, Chicago, IL, Aprll 8-20, 1977. 

(8) Lindsay, W. T. "Physical Chemistry of Impurities in Steam Turbines", 
presented at the Steam Turbine-Generator Technology Symposium, 
Charlotte. NC, October 4-5, 1978. 

(9) Hanf, N. W.; Sole, M. J. Trans. Faraday SOC. 1870, 12, 3065. 
We thank J. J. Lewis for valuable technical assistance. (10) Galobardes, J. F.; Oweimreen, G. A,; Rogers, L. B. Anel. Chem. 

(1 1) Corning pH meter 130 instruction manual. 
(12) Vogel, A. I .  "Quantitative Inorganic Analysis"; Longmans: London, 

1981. 53, 1043-47. 

Literature Cited 
1961: DD 809. . .  

(1) Teams Study at Rancho Sew. flectr. WorM 1975, 26. 
(2) Passel, Thomas, flectrlcal Power Research InsNtOte, Paio Alto, CA, 

personal communication, 1980. Received for review January 21. 1981. Accepted May 8, 1981. This work 
(3) Styrikovich M. A. Vestn. Akad. hleuk. SSSR. 1868, 39, 70. was supported by the Electric Power Research Institute under contract 
(4) Sourirajan, S.; Kennedy, G. C. Am. J.  Sci. 1962, 260, 115. RP969-1. 

Ion Exchange in Mordenite. Verification of the Triangle Rule 

Timothy C. Golden' and Robert G. Jenkins 
Fuel Science Section, Department of Materials Science and Engineering, The Pennsylvania State University, 
University Park, Pennsylvania 16802 

Ion-exchange isotherms obtalned wRh synthetic mordenlte 
have been measured at 25 OC involving the cation palrs 
Na' * Ll', 2Na' e Co2', and H,O' * Li'. In all cases 
the exchange was reverslbie. Values for the 
thermodynamic equilibrium constant, K,, and the standard 
free energy of exchange, AGO, were calculated for each 
exchange. The K, values determined for the above 
exchange reactions are respectively 0.048, 0.63, and 
0.0052, while the corresponding AGO values are 1.80, 
0.14, and 3.11 kcalhqulv. These experimental K, and 
AGO values were then compared wlth values derived by 
the triangle rule. I t  was determined that thls rule Is 
eff ectlve in derlving thermodynamic equiilbrium constants 
for these reactions. 

Introduction 

There is interest in mordenite as a selective adsorbent in the 
production of oxygen-enriched air. This zeollte exhibits en- 
hanced adsorption of nitrogen over oxygen due to a quadrupole 
interaction between the nitrogen molecule and the polar zeolite 
surface. Considerable attention has been paid to the possi- 
bilities of modlfying the adsorption selectivity of zeolites. An 
effective method of modification is the ion exchange of the 
cations in the zeolite structure, which leads to changes in the 
adsorption energy of the adsorbate molecules. 

The structure of mordenite has been elucidated by Meier ( 1 )  
and further described by Barrer and Klinowski (2). Ion-ex- 
change data have been published on the behavior of mordenite 
toward selected alkali and alkaline-earth metal cations and the 
NH,' cation (2). Also, an investigation into transition-metal ion 
exchange in ammonium mordenite has been reported (3). The 
purpose of this letter is to present ion-exchange isotherms 
obtained with mordenite not previously pubtished, to determine 
the standard free energy of these exchanges, and to compare 
the experimental values of AGO with values derived by the 
triangle rule (2, 3). 

Experimental Section 

Synthetic sodium and hydrogen mordenites (sodium and hy- 
drogen Zeolon) were supplied by the Norton Co. Analysis of 
the zeolites gave a Si/AI ratio for the sodium mordenite of 5.42, 

while that for the hydrogen mordenite was 6.65. These SI/AI 
ratios are indicative of aluminadeficient materials. 

Either the sodium or hydrogen form, as indicated, was em- 
ployed to determine the exchange isotherms of Ne+ P Ll', 
2Na' F? Co", and H30' F! Li'. The Ne+ F? Li+ and 2Na' 
F? Co2' exchanges were measured at 25 OC with total solution 
concentratlon of 0.1 N. Weighed amounts of the sodlum 
mordenite were rotated in plastic bottles with solutions con- 
taining known quantities of the two exchanging ions. For each 
point on the isotherm, the bottles were rotated for 5 days. 
Preliminary kinetic experiments indicated that equilibrium was 
established in 48 h. Subsequently, the solld zeollte was sepa- 
rated from the solution by centrifugation. The extent of ex- 
change was determined by monitoring the change in solution 
concentration before and after exchange. Isotherm points were 
also measured in the reverse direction so that ion-exchange 
reversibility could be demonstrated. 

The H30' T=? Li' exchange was measured in stepwise 
fashion using a procedure developed by Barrer and Klinowski 
(4). A we5hed amount of hydrogen mordenite (pretreated with 
acetic acid to ensure the absence of sodium) was added to a 
solution of 0.05 N LiCl and rotated at 25 O C  for 2 days. Kinetic 
experiments indicated that equilibrium was reached in less than 
24 h. The zeolite was then separated from solution by cen- 
trifugation, and the extent of exchange was again determined 
by solution analysis. Additional isotherm points were obtained 
by adding fresh LiCl solutions to the partially exchanged zedie. 
Lithium mordenhe was back-exchanged into the hydrogen form, 
also in steps, by using 0.04 N acetic acid solutions. 

Results and Dlscussion 

The experimental isotherms are shown in Figures 1-3. The 
subscript c denotes the equivalent fraction of the given ion in 
the zeolite crystal, while the subscript s indicates the equivalent 
fraction of the given ion in solution. 

The thermodynamic equilibrium constant, K,, was evaluated 
graphically by calculating the area under the curve obtalned by 
plotting the logarithm of the rational selectivity coefficient vs. 
the ionic composition in the zeolite (5). Plots for the cobalt 
exchange were calculated from normalized ion-exchange iso- 
therms because the equivalent fraction of cobalt in the crystal 
never reached unity (3). Finally, the standard free energy of 
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Flgue 1. Ion-exchange isotherm in synthetic mordenite: Na' P Li', 
maximum exchange = 100 % . In all isotherms, filled circles indicate 
forward isotherm points and open circles indicate reverse isotherm 
points. 
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Flgwe 2. Ion-exchange isotherm in synthetic mordenite: 2Na' i=+ 
Co2+, maximum exchange = 41.8%. 

exchange at 25 O C  was calculated by using the following 
equation: 

(1) 

where 2, and Z2 are the valences of ions 1 and 2, respectively. 
In  Table I the experimental K, and AGO values for each 

exchange are compared with values derived by the triangle rule 
(2, 3). Thii rule enables theoretical K, values to be determined 
from experimental K, values. The most general form of the 
triangle rule is given by 

AGO = - (RT/Z,Z2) In K, 

K,AB = K,A.CK COB (2) 
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Figure 3. Ion-exchange isotherm in synthetic mordenite: H30' G U', 
maximum exchange = 100%. Not all experimental points are shown. 

Table I. Experimental and Theoretical Values of AGO and K, 
exptl triangle rule 

AGO, A G O ,  

exchange K, kcal/equiv K, kcal/equiv 

Na+ @ Li+ 0.048 1.80 0.053 1.72 (2) 
2Na f C o * +  0.63 0.14 0.58 0.16 (3) 
H,O+ 2 Li+ 0.0052 3.11 

where KakB, KaA", and K 2 B  are the thermodynamic equilibrium 
constants for the exchange reactions A e B, A + C, and C 
e 8, respectively. 

Other workers (2, 3) have applied this rule to ion exchange 
in mordenite, and it appears, at least in the two cases in which 
comparisons are possible, that this rule is effective in deriving 
thermodynamic equilibrium constants for these reactions. 

Further, the observation that the exchange reaction 2Na' F! 
Co2+ does not go to completion brings forth an important point; 
Le., the ion+xchange capacity of zeolites can vary significantly 
with the entering ion. Therefore, whenever ion-exchange iso- 
therms are reported, it is important to include ion-exchange 
capacities for each ion. 
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