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Introduction  

  Volatile organic compounds (VOCs) are among the most common pollutants emitted by the chemical process industries (CPI).  Accordingly, VOC emission control is a major portion of the CPI’s environmental activities.  One of the most effective methods of controlling emissions of VOCs is adsorption, usually using activated carbon as the adsorbent.  A particularly common application of carbon adsorption for VOC control is solvent recovery.  The design of adsorption facilities requires primarily a knowledge of thermodynamic data on the adsorption equilibria over a broad range of temperature.  This information is used to calculate the operation time of a specific bulk concentration level and to derive optimum size of adsorbers and operating conditions.

  In this work, adsorption equilibria of dichloromethane, 1,1,1-trichloroethane, and trichlo-roethylene on activated carbon were investigated by a static volumetric technique.  Iso-therms were measured for the pure vapors in the temperature range from 283 to 363 K and pressures up to 60 kPa for dichloromethane, 16 kPa for 1,1,1-trichloroethane, and 7 kPa for trichloroethylene, respectively.  The Toth and Dubinin-Radushkevich equations were used to correlate experimental isotherms.  Thermodynamic properties such as the isosteric heat of adsorption and the Henry’s constant were calculated.  It was found that the values of isosteric heat of adsorption were varied with surface loading.  Also, the Henry’s constant showed that the order of adsorption affinity is 1,1,1-trichloroethane, trichloroethylene, and dichloromethane.  By employing the Dubinin-Radushkevich equation, the limiting volume of the adsorbed space, which equals micropore volume, was determined, and its value was found to be approximately independent of adsorbates.

Experimental

  Materials.  A pellet activated carbon, Xtrusorb-600 produced by Calgon Co., was chosen as the adsorbent, and its 20-30-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 hours to remove impurities.  The specific surface area of the sample was obtained on an automatic volumetric sorption analyzer (Micromeritics, ASAP-2000) using nitrogen adsorption at 77 K.  The adsorbates investigated were dichloromethane (DCM), 1,1,1-trichloroethane (1,1,1-TCE), and trichloroethylene (TCE).  The purity and manufacturer of each adsorbate are as follows: dichloromethane, 99.0 % (Junsei Chemical Co.); 1,1,1-Trichloroethane, 99.0 % (Aldrich Chemical Co.); Trichloroethylene, 98.5 % (Oriental Chemical Industry).

  Apparatus and Procedure.  The adsorption apparatus is based on the static volumetric method.  A schematic representation of the adsorption apparatus can be found in the previous publication of Yun and Choi [1].  In the method, the total quantity of vapor admitted to the system and the amount of vapor in the gas phase at equilibrium are determined by appropriate P-V-T measurements.  The system pressure measurements are made by a 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% within the usable 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).

To eliminate any trace of pollutants, the activated carbon is 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.  Prior to each isotherm measurement, the charged activated carbon was regenerated at 573 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, and the evacuation was monitored by both an ion gauge and a convectron gauge with a vacuum gauge controller (Granville-Phillips type 307).  The volume of the adsorption cell is determined by expansion of helium gas at the experimental temperature.

  The operating procedure for the adsorption isotherm determination is to admit the vapor into the manifold, to measure its temperature and pressure, to expand the vapor into the adsorption cell, and finally to record the equilibrium temperature and pressure.  During the procedure, all of temperatures and pressures were recorded automatically.  The knowledge of the pressure, temperature, and gaseous volume before and after each step of the adsorption gives the moles of gas before and after the adsorption and, by difference, the moles adsorbed.  In this study, the virial gas equation of state was employed for the calculation of gaseous moles.

Results and Discussion

The adsorption equilibrium data of chlorinated solvent vapors on activated carbon were obtained.  Measurements were done at 283.15, 303.15, 323.15, 343.15, and 363.15 K, and pressures up to 60 kPa for dichloromethane, 16 kPa for 1,1,1-trichloroethane, and 8 kPa for trichloroethylene, respectively.  Figures 1-3 show the adsorption equilibrium isotherms of dichloromethane, 1,1,1-trichloroethane, and trichloroethylene on activated carbon at various temperatures.  In these figures, the experimental data are represented as symbols and isotherm fittings using the Toth equation as solid lines.
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  In order to correlate the experimental data with the Toth equation, we employed a pattern search algorithm, the so called Nelder-Mead simplex method (Riggs, 1988), and the objective function used is








(2)

  The isosteric heat of adsorption could be calculated by the Clausius-Clapeyron equation of adsorption.  In Figure 4, the isosteric heats of adsorption for all the vapors studied are plotted as a function of the moles adsorbed.  As noted by many researchers, the isosteric heat of adsorption, which is a measure of the interactions between adsorbate molecules and adsorbent lattice atoms, may be used as a measure of the energetic heterogeneity of a surface.  As shown in Figure 4, the isosteric heat of adsorption is varied with the surface loading for all sample adsorbates.  This result indicates that the activated carbon used has an energetically heterogeneous surface.  The value of the isosteric heats at a limit of zero coverage can be evaluated from extrapolations of the Toth isotherm fits, and its values are 25.13 (DCM), 61.17 (1,1,1-TCE), and 39.21 kJ mol-1 (TCE), respectively.  Valenzuela and Myers [3] noted that the limiting value of the isosteric heat at zero coverage is directly proportional to the adsorption second virial coefficient, B1S, and the B1S value can be evaluated from Henry’s constant, H :
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In adsorption studies, it is valuable to evaluate the Henry’s constant since it has been used as a criterion of the adsorption affinity.  In this work, the Henry’s constants were calculated and plotted in Figure 5.  It should be noted that these values are extrapolations based on the Toth model.  As shown in Figure 5, the order of adsorption affinity is 1,1,1-trichloroethane, trichloroethylene, and dichloromethane (except for 1,1,1-trichloroethane and trichloro-ethylene at 363.15 K), and this result is identical with the order of the isosteric heat values at zero coverage for each adsorbate.  Many investigators indicated that the potential theory is useful for adsorption equilibria of organic vapors on microporous materials such as activated carbon.  The isotherms derived from the potential theory have found utility in interpreting adsorption by capillary condensation and pore filling.  In this study, we applied the Dubinin-Radushkevich equation which was derived from the potential theory.  As results, the characteristic lines for the adsorption of dichloromethane, 1,1,1-trichloroethane, and trich-loroethylene on activated carbon are shown in Figure 6.  As shown in Figure 6, the experimental data are well fitted by the Dubinin-Radushkevich equation.  By the Dubinin-Radushkevich equation, the total volume of micropores, W0, was determined, and it was found to be generally independent of the adsorbates.  Furthermore, its values are nearly analogous to the BET report (micropore volume = 390 cm3 kg-1).
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Figure 1. Measured and correlated isotherms for dichloromethane adsorption onto activated carbon at various temperature: (, 283 K; (, 303 K; ■, 323 K; ▼, 343 K; ◆, 363 K; —, Toth equation




Figure 2. Measured and correlated isotherms for 1,1,1-trichloroethane adsorption onto activated carbon at various temperature: (, 283 K; (, 303 K; ■, 323 K; ▼, 343 K; ◆, 363 K; —, Toth equation




Figure 3. Measured and correlated isotherms for trichloroethylene adsorption onto activated carbon at various temperature: (, 283 K; (, 303 K; ■, 323 K; ▼, 343 K; ◆, 363 K; —, Toth equation




Figure 6. Correlation the experimental data with the Dubinin-Raudushkevich equation; △, 283 K; ○, 303 K; □, 323 K; ▽, 343 K; ◇, 363 K;  —, Dubinin-Radushkevich equation



Figure 4. Variation curves of isosteric heat of adsorption with respect to surface loading : 




Figure 5. The Henry’s constant of adsorption for various temperature: (, dichloromethane; (, 1,1,1-trichlorothane; ▼, trichloroethylene
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