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Introduction
  The design of adsorption facilities requires primarily knowledge of thermodynamic data on the adsorption equilibria.  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 addition, information concerning the relevant adsorption equilibria is an essential requirement for the process simulation.  Prior to practical applications, adsorption equilibria must be known over a wide range of the operation temperature.  In general, experimental data obtained should be fitted to the specific isotherm equation that includes the parameters as a function of temperature.  Most isotherm equations contain two or more parameters of which temperature dependency allows one to predict adsorption equilibria over broad range of temperature.  However, it may not easy to accurately determine an appropriate set of isotherm parameters that can represent all of experimental data at different temperatures.  This is because there must be a certain temperature dependency in isotherm parameters and at least, three sets of isotherm data are needed for the temperature range of interest.  Furthermore, its numerical optimization procedure is somewhat complex.
  What we will present is a faithful novel method for predicting the adsorption equilibria at unknown temperature.  This plain method is based on the assumption that the quantity of the isosteric heat of adsorption is not depends on temperature for a certain surface loading.  To estimate the isosteric heat of adsorption, we employed the Clausius-Clapeyron equation for adsorption.  In the method, it needs only two sets of the experimental isotherm data at two different temperatures.  The Clausius-Clapeyron equation with two isotherm equations provided simple and reliable prediction of adsorption equilibrium relations at various temperatures.  In order to verify the validity of the proposed method, we have tested with our own experimental data of various hydrocarbons on hydrophobic zeolite Y.  Our results using this method showed that the predicted value is in good agreement with the experimental data, within the temperature range for the system tested.

Theoretical Backgrounds
  Adsorption equilibrium is established after considerable contact of the gas with the adsorbent surface.  The relation between the amount adsorbed N, the equilibrium pressure P, and the adsorption temperature T can be represented in the general form:
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  At the specific temperature T, Eq. 1 can be reduced by the adsorption isotherms as follows:
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The adsorption isotherms, Eq. 2, are most frequently used in studies of adsorption equilibrium and is represented by mathematical equations such as the Langmuir, the Freundlich, the Sips, the Toth, and the Unilan, etc..  Equation 1 also can be described by following form, and is called by the adsorption isosteres:
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However, the adsorption isosteres cannot be measured directly because it is impractical to hold N constant.  Instead, the value of the adsorption isosteres can be interpolated from a group of the adsorption isotherms at various temperatures.  Besides, the linearity of the isosteres has been employed as a useful criterion on the internal consistency of the experimental isotherms.  It has been well known that the adsorption phenomena is accompanied by evolution of heat since adsorbate molecules are more stabilized on the adsorbent surface than in the bulk phase.  In addition, the amount of heat evolution by unit adsorption depends on the system adopted.  Thus, information concerning the magnitude of the heat of adsorption and its variation with surface coverage can provide useful information concerning the nature of the surface and the adsorbed phase.  The heat of adsorption at constant amount adsorbed N can be calculated from the slopes of the isosteres, using the Clausius-Clapeyron equation for adsorption:
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The quantity qst is called by the isosteric heat of adsorption and sometimes it denoted as 
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.  Equation 4, when integrated, allows ones to calculate qst from adsorption isotherms obtained experimentally at two or more temperatures.  If experimental isotherms are available at two different temperatures, the value of qst is given by:
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where P1 and P2 are the equilibrium pressures at temperatures T1 and T2 respectively, when the amount adsorbed is N. 

  Interpretation of the pure gas adsorption equilibria by the Clausius-Clapeyron equation is based on the fact that the isosteric heat of adsorption does not vary significantly over the temperature range studied.  This useful characteristic can be utilized for predicting the equilibrium relationships at unknown temperature.  For this purpose, following a useful relation can be suggested;
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(constant N)
(6)

T is a specific temperature of interest and Eq. 6 can be rearranged as:
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(constant N)
(7)

P is equilibrium pressure at T and finally one gets:
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(constant N)
(8)

Equation 8 enables one to estimate the adsorption equilibrium relation of P and N at T within the experimental temperature range of T1 and T2.  As can be seen in Eq. 8, it needs only two sets of isotherm equations of 
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.  This can be obtained by fitting the experimental data at two different temperatures of T1 and T2. 

Sample Calculations

  Typical adsorption isotherms of various organic vapors on hydrophobic Y-type zeolite are represented in Figure 1.  In this figure, the isotherms show S-shaped isotherms in the low pressure range and it can be classified as type V according to the classification by Brunauer et al..  Generally, the equilibrium data obtained should be represented by a specific mathematical model (i.e. isotherm equation).  This allows one to obtain physical parameters of a model used over a wide range of pressures and temperatures.  Furthermore, the adsorption equilibrium model is essential to calculate the breakthrough curve in adsorptive separation process simulation.  However, the adsorption system which has S-shaped isotherms cannot be expressed by simple equations because of a lack of flexibility in their mathematical formulae.  In this study, following the general adsorption isotherm was used to correlate the experimental data.
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Eq. 9 contains five adjustable parameters (N∞, M0, χ/k, W/k and r), thus it can provide a sufficient flexibility to fit our experimental data.
In this section, rather than using an isotherm equation that includes the parameters as a function of temperature, we applied the proposed method (Eq.8) to predict temperature-dependent adsorption equilibrium relation.  We used our own experimental data of benzene, toluene, DCM and HCFC-141b on hydrophobic Y-type zeolite at various temperatures.
  For benzene vapor-hydrophobic zeolite system, the equilibrium data were obtained at the temperature range from 288 K to 373 K.  With two set of data at two temperatures of 288 K (T1) and 373 K (T2), we calculated the equilibrium relations at other temperatures of 303, 313, 323, 333, 343 and 358 K by using Eq. 8.  The calculation results are shown in Figure 2, with symbols representing the data, dashed lines representing the results by correlation and solid lines representing the results by the isosteric heat of adsorption.  As shown in this figure, the results by the isosteric heat of adsorption found to be excellent agreements with experimental data.  Even in the low pressure region, Eq. 8 gives nearly identical results compared with those of the general adsorption isotherm, which has five parameters.

  For the case of toluene-hydrophobic Y-type zeolite system, the equilibrium data were obtained at temperatures of 303, 313, 323, 333 and 343 K.  With two sets of data at 313 K (T1) and 343 K (T2), we used Eq. 8 to predict the experimental data at 303, 323 and 333 K.  These results are shown in Figure 3, which demonstrates that using Eq. 8 gives a moderate prediction of the experimental data.

  Our next tests used the isotherm data of dichloromethane at 283, 303 and 323 K.  For two data sets of 283 K (T1) and 323 K (T2), the experimental data at 303K was predicted and we still achieved an excellent fit between the experimental data and the proposed method (Figure 4).
Finally, we tested the proposed method with the experimental data of 1,1-dichloro-1-fluoroethane on hydrophobic Y-type zeolite.  The data were collected at temperatures of 283, 303, 323, 343 and 363 K.  With two set of data at two temperatures of 283 K (T1) and 363 K (T2), the calculations from the proposed method were obtained at 303, 323, 343 K, respectively.  As shown in Figure 5, with the exception of the data points of 303 and 323K in the high pressure region, the predictions of Eq. 8 are excellent.
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From the above results, it can be stated that: (1) Even the adsorption equilibrium data exhibits unusual shape of isotherm, the prediction with the isosteric heat of adsorption gives reasonable results with a good accuracy. (2) It can be presumed that this approach allows reasonable extrapolation outside of experimental temperature range, if it is not too far from the experimental temperature.  Furthermore, the another important application of proposed method is that it could be easily applied to study the column dynamics since it has a succinct mathematical formula.
Figure 1. Isotherms of organic solvents on 


        hydrophobic zeolite Y at 323K





Figure 2. Isotherms for benzene on


        hydrophobic zeolite Y





Figure 3. Isotherms for toluene on


        hydrophobic zeolite Y





Figure 5. Isotherms for HCFC-141b on


        hydrophobic zeolite Y





Figure 4. Isotherms for DCM on


        hydrophobic zeolite Y
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