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1. Introduction

Separation of benzene (B) and cyclohexane (C) is important in the petrochemical industry [1]. Since the boiling points of these compounds are very close, a conventional distillation process is not applicable. Azeotropic distillation and extraction distillation are then used by introducing a third component into the benzene-cyclohexane mixture. However, the removal of the third component from the distillate and residue results in a high cost of those processes. Thus, it is required to develop a membrane process to separate benzene and cyclohexane. Molecules of cyclic or aromatic hydrocarbons are larger than or similar to the pore size of LTA- and MFI-type zeolites, and hardly permeate through the membranes composed of those zeolites. In contrast, faujasite (FAU)-type zeolite is composed of 1.1 nm supercages and 0.74 nm pores. This structure leads to permeation of those hydrocarbons through an FAU-type zeolite membrane. 

In recent years, pervaporation (PV) and vapor permeation (VP) have emerged as membrane processes feasible for separation of organic compounds. Although the PV process, which is a combination of permeation and evaporation, is advantageous as compared with distillation, it is less economical than the VP process. This is because the PV process involves a phase transition from liquid to vapor on the permeate side of the membrane.

In the present study, a FAU-type zeolite membrane was prepared by a hydrothermal synthesis. Permeation and separation of benzene and cyclohexane using the membrane were then investigated via VP process. The separation mechanism for benzene and cyclohexane was discussed based on their adsorption isotherms.

2. Experimental

2.1 Preparation of FAU-type zeolite 
An FAU-type zeolite membrane was synthesized on the outer surface of a porous (-Al2O3 support tube (NOK Corp., Japan) by a hydrothermal process. The dimensions of the support tube were; outside diameter = 2.1 mm, inside diameter = 1.7 mm, void fraction = 0.40, and pore size = 120-150 nm. The outer surface of the support tube was rubbed with NaY zeolite particles (Tosoh Corp., #HSZ-320NAA, Si/Al = 2.8, crystal size = 0.5 m), in order to implant seeds for nucleation. An aqueous solution of water glass, sodium aluminate, and sodium hydroxide was homogenized by stirring at room temperature for 4 h. The initial composition of the synthesis solution was Al2O3:SiO2:Na2O:H2O = 1:12.8:17:975 on a molar basis. The hydrothermal synthesis was carried out at 363 K for 24 h [2,3]. FAU-type zeolite powder was also prepared under the same conditions as were used for the synthesis of the zeolite membrane.

2.2 Adsorption and permeation tests

Adsorption isotherms of single component benzene and cyclohexane, as well as an equimolar mixture of them, were determined for the FAU-type zeolite powder at 373 K using a constant-volume sorption cell (BEL Japan, FMS-BG-H50). This system was equipped with a magnetically suspended thermobalance and precision pressure sensors, and could determine isotherms of two components. 

Permeation properties of the membrane were determined using single component benzene and cyclohexane, as well as the equimolar mixture, in the temperature range of 350-420 K. Permeants were fed into a preheater using a micro feeder and was vaporized. The concentration of the permeants on the feed side was maintained at 10 mol% in a flow of nitrogen. Nitrogen was also used as the sweep on the permeate side. Hydrocarbon concentrations were determined using a gas chromatograph equipped with a flame ionization detector (Shimadzu GC-8A). The total flow rates on the feed and permeate sides were determined with soap-film flow meters.

3. Results and Discussion

3.1 Adsorption

Fig.1 shows the adsorption isotherms for single-component benzene and cyclohexane and the equimolar mixture. For the single-component systems, the amount of benzene adsorbed is higher than that of cyclohexane. For the equimolar mixture, however, the isotherm shows a typical azeotrope. In the low-pressure range, cyclohexane is more adsorbed on the zeolite than benzene. As the total pressure increases, the amount adsorbed of benzene increases, and that of cyclohexane decreases. In the pressure range higher than 7 kPa, the amount adsorbed of benzene is much higher than cyclohexane. The  electrons of benzene are responsible for its affinity to adsorption sites (Na+) of the zeolite.

3.2 Permeation

Fig.2 and Fig.3 show the effect of temperature on permeances for single-component benzene and cyclohexane and the equimolar mixture, respectively. The sweep gas flow rate was 10 ccm. The permeances to benzene and cyclohexane increased with increasing temperature, indicating that the activated transport mechanism prevailed. The permeance to cyclohexane was higher than that to benzene for the single component systems, but the permeance to benzene was significantly higher than that to cyclohexane for the mixture. This is opposite to the result that the permeance to benzene was lower than that to cyclohexane for the single component systems. Furthermore, the permeances to benzene and cyclohexane slightly increased with temperature for the mixed feed. Fig.4 shows the effect of temperature on the separation factors for the single components and the equimolar mixture. The sweep gas flow rate was 10 ccm. For the mixed feed, the highest separation factor of 32 was obtained at 373 K. However, the ideal separation factor was approximately 0.5 at all temperatures. 

Fig.5 shows the permeances to benzene and cyclohexane through the membrane as a function of the sweep gas flow rate (10-100 ccm) at 373 K. The concentration of the hydrocarbons was maintained at 10 mol% in N2. The permeance to benzene increased, and that to cyclohexane decreased, with increasing sweep gas flow rate. Benzene preferentially adsorbs and blocks the pores. Fig.6 shows the effect of the total pressure of the hydrocarbons on the permeate side on the separation factor for the equimolar mixture at 373 K. The highest separation factor of 107 was obtained when the sweep gas flow rate was 100 ccm. 
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