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Introduction 

   In general, it has been recognized that activated carbon is the most suitable adsorbent for solvent recovery process. However, Blocki1 pointed out that the applications of activated carbon present some disadvantages in that they are flammable, are difficult-to-regenerate high-boiling solvents, they promote polymerization or oxidation of some solvents to toxic or insoluble compounds, and they require humidity control. As a result, hydrophobic zeolite is now considered an alternative adsorbent since it has good properties such as thermal stability and hydrophobicity1,2,3,4. Zeolites are inorganic materials that have a crystalline structure and fixed-size pores. The homogeneous pore size prevents molecules larger than a certain size from entering the lattice, therefore zeolites are sometimes called molecular sieves, which allows them to adsorb selectivity. The nonflammable, thermal-stable, and hydrophobic characteristics of zeolites can also play an important role in adsorption. The thermal stability and hydrophobicity of zeolite increase with the Si/Al ratio in the zeolite flamework. Synthetic hydrophobic zeolite, a pure crystalline silica molecular sieve, is nonflammable and capable of withstanding temperatures as high as 850 oC5. Furthermore, hydrophobic zeolite has a low affinity for water, which is a useful property. Hussey and Gupta6 reported that up to 90% relative humidity could be handled with little adverse effect on the capacity of hydrophobic zeolite. In addition, Takeuchi et al.2 reported the presence of water was found to reduce the amount of adsorption of the solvents-hydrophobic zeolite system, but water vapor showed no effect on the adsorption kinetics.

   In the present study, adsorption equilibrium characteristics of benzene and toluene on a commercially available high silica zeolite were investigated. Adsorption isotherms of these aromatics at various temperatures have been measured by a static volumetric apparatus. Furthermore, it should be notified that the results presented were obtained as a continuing adsorption equilibrium study of aromatics on microporous solids7,8,9,10.

Equilibrium Theory

   To design adsorptive separation facilities, thermodynamic data on the adsorption equilibria are essential. Moreover, this information must be known over a wide range of the operation temperature. However, there appears to be relatively little information in the literature concerning adsorption of organic solvents on high silica zeolite at various temperatures. In this study, the adsorption equilibria for benzene and toluene on a commercially available high silica zeolite were obtained by a volumetric apparatus. Temperatures ranging from 298K to 373K were used to measure the isotherms for pure vapors at pressures up to 6 kPa for benzene and 5 kPa for toluene, respectively. 

   For practical application, experimental equilibrium isotherms should be represented by a proper mathematical model. This is perhaps basic procedure to calculate the operation time of a specific concentration level and to derive optimum size of adsorber and operating conditions through dynamic modeling. The choice of isotherm equation for a specific adsorption system has been a topic of great interest for many decades to researchers working in the adsorption area. As results, a number of theories and empirical methods have been proposed ranging from the traditional approach to molecular simulations. Among many theories and empirical methods, the isotherms derived from the potential theory have found in interpreting adsorption by capillary condensation, or pore filling. It has been well known that the potential approach is useful for adsorption of organic vapors on microporous materials such as activated carbons and carbon fibers. According to potential theory, Dubinin and co-workers has shown that the adsorption isotherms of various vapors can be represented by the following form:






(1)

and





(2)

where W is the adsorbate condensed in micropores at temperature T and relative pressure P*/P, W0 is the limiting volume of the adsorbed space, which equals micropore volume,  is the affinity coefficient and E0 is the specific parameter of the system investigated. Eq. (1) is frequently referred to as the Dubinin-Radushkevich equation. As discussed by Noll et al.11, for the nonpolar and weakly polar adsorbates, the adsorption interaction is strongly dependent on the polarizability of the molecules. Since the polarizability of a molecule is approximately proportional to the molar volume of saturated liquid, the affinity coefficient can be expressed as:

        





(3)

where V0ref is the saturated liquid molar volume of reference vapor. In this study, benzene vapor was chosen as reference vapor since it has similar polarity to the adsorbates (Noll et al., 1989). To calculate the saturated liquid molar volume, the modified Rackett equation was used:

    




(4)

where Tc and Pc are critical properties, and ZRA is a unique constant for each adsorbate. The values of ZRA can be estimated by:






(5)

where  is acentric factor and it was calculated by the Lee-Kesler vapor pressure relations:
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where  = Tb/Tc and Tb is boiling temperature.

Experimental

   A commercial zeolite, designated as HSZ-320 by Tosoh Co, was chosen as an adsorbent, and its 20- and 30-mesh fraction was used after crushing. Prior to measurement, the sample was kept in a drying vacuum oven at 423 K for more than 24 h to remove impurities. The specific surface area of HSZ-320 was obtained on an automatic sorption analyzer (ASAP-2000) using nitrogen adsorption at 77 K.  The BET surface area of HSZ-320 was 690 m2/g. Adsorbates investigated were benzene and toluene and the purity and manufacturer of these materials are 99.9% (Fisher).

   The experimental apparatus used was a static volumetric type. Total quantity of gas admitted to the system and the amount of gas in the vapor remaining after adsorption equilibrium established were determined by appropriate P-V-T measurements. The system pressure measurements are made by baratron absolute pressure transducer (MKS type 690A13TRA) with a high accuracy signal conditioner (MKS type 270D). Its pressure range is from 0 to 133.33 kPa and its reading accuracy is 0.05% with in the useable measurement range.  During the adsorption, the adsorption cell was placed in a water bath and temperature was maintained constant within ( 0.02 K by the refrigerating circulator (Haake type F3). The experimental temperature was measured with a T-type thermocouple converter. To eliminate any trace of pollutants, the zeolite was kept in a drying oven of 423 K for 24 hours.  Its mass was determined with an accuracy of (10(g and introduced into the adsorption cell (about 0.1 g). Prior to each isotherm measurement, the charged activated carbon was regenerated at 473 K under a high vacuum for 12 hours. An oil diffusion pump and a mechanical vacuum pump in combination (Edward type Diffstak 63/150M) provided a vacuum down to 10-3 Pa. The evacuation was monitored by both ion gauge and convectron gauge with vacuum gauge controller (Granville-Phillips type 307).  The volume of the adsorption cell is determined by expansion of helium gas at the experimental temperature. Details of the equipment and operating procedures used are described in elsewhere7,8,9,10. 

Results and Discussion

   The experimental adsorption characteristic curves for the systems investigated and the correlation results by the Dubinin-Radushkevich equation are illustrated in Figure 1. It is obvious that the equilibrium characteristic curves of all adsorbates can be represented by a single fit by the potential approach except a low coverage region. It has been known that the basic assumptions of the potential theory are well satisfied for adsorption on non-polar adsorbents such as activated carbon.  This is because the adsorption potential on non-polar adsorbents is due entirely to van der Waals forces, which is independent of temperature. On the other hands, for the systems including zeolite, temperature-dependent electrostatic forces can make a significant contribution to the energy of adsorption. According to Ruthven12, although the influence of the electrostatic forces is dominant at low coverage region, the potential approach can be successfully applied at high coverage region. This implies that dispersion-repulsion forces are dominant at high coverage. Therefore, the idea of a temperature-independent characteristic curve can provide a useful and concise engineering correlation, at least at moderate to high coverage even for polar adsorbent system.

   According to our results, the potential approach is quite beneficial method for describing the adsorption equilibrium characteristics of benzene and toluene on high silica zeolite. Even though the potential approach, by the Dubinin-Radushkevich equation, cannot provide good correlation at low surface coverage, it is good enough to be used at moderate to high surface coverage. Moreover, the total volume of micropores can be determined by the Dubinin-Radushkevich equation and its value was about 200 cc/kg and it was found to be generally independent of the adsorbates. Furthermore, the value is similar to the BET report (micropore volume = 250 cc/kg). 
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Figure 1. Adsorption characteristic curves for benzene and toluene on HSZ-320 according to 

                the Dubinin-Radushkevich equation.
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