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Introduction 
   When studying the column dynamics of a fixed adsorption bed charged with microporous solid particles, it is convenient to consider a clean bed initially to make step change in adsorbate concentration at the bed entrance. In this case, the response at the bed exit for a step change in adsorbate concentration is commonly called by a term breakthrough curve. Sometimes, the step change of concentration can be made for a short time and its pulse response is referred to as the chromatographic response. In an engineering viewpoint, the former case is more significant for an environmental purpose. 

   In the present study, experimental and theoretical works have been made on adsorption of BTX (benzene, toluene and p-xylene) and their binary and ternary mixtures by activated carbon fixed bed in an isothermal condition of 303K. Experimental isotherms for pure- and multicomponent systems of BTX on activated carbon (Sorbonorit B4) were extracted by the breakthrough data analysis from the several isothermal fixed bed experimental runs. A mathematical fixed bed model was used to simulate the column dynamics of pure- and mixed-vapor adsorption. Since the model employs the linear driving force (LDF) approximation model for representing mass transfer rates inside the particle, there are needs to evaluate the relevant LDF coefficients for multi-component system. 

   Probably, the simplest manner to estimate the LDF coefficients in mixtures is to optimize the numerical results of a dynamic model with the experimental breakthrough data. Although this procedure is quite empirical and can involve some unreasonable parameters, it has been accepted in many works without any alternatives. For an isothermal adsorption column, two kinds of control variables can be considered for mass transfer. These are the concentration of adsorbate and the fluid velocity of bulk stream. Strictly speaking, the fluid velocity cannot influence to the mass transfer inside the adsorbent particle. However, the LDF coefficient is an effective lumped-resistance coefficient including the film diffusion resistance, therefore consideration of fluid velocity is quite essential. 

Experiments

   As an adsorbent, Sorbonorit B activated carbon (Norit Co.) was chosen and its 12- and 14-mesh ratio was used after crushing.  Prior to equilibrium measurement, the sample was kept in a drying vacuum oven at 423K for over 24 h to remove impurities.  To determine the equilibrium isotherms for pure species at 303 K, two kinds of experimental techniques were employed.  For benzene and toluene vapors, it was able to measure the equilibrium isotherms by using a static volumetric apparatus.  Details of a static volumetric apparatus and operating procedures used are described in the previous publications of Yun et al. (1998a, 1998b).  For p-xylene vapor, however, it was difficult and practically impossible to measure an equilibrium isotherm by a static volumetric method because of the high affinity for activated carbon and low vapor pressure at room temperature. Therefore, we utilized the column experiment to obtain the equilibrium isotherm for p-xylene, and the detailed descriptions of this method are presented in elsewhere (Yun et al., 1998c).  

   Fixed-bed adsorption has been widely applied in many fields of separation and purification technologies. When dealing with a multicomponent system, the performance of a fixed-bed is evaluated by examining the concentration-vs.-time curves of the effluent. Even for the cases in which one need to know the effluent histories for a certain species only, it is necessary to obtain them all because of the interactions between the adsorbable components. These breakthrough curves have been considered as the most common basis for the assessment of the behavior of adsorbers. 

   In this study, to obtain the information on adsorption equilibrium relationships, many sets of fixed-bed experiments were conducted in very careful manner. In an earlier KJChE meeting (Yun et al., 1998c), we presented the details of experimental setup and procedures. In the method, a part of nitrogen gas was fed to saturator to load objective solvent, and was mixed with the pure nitrogen gas stream. With constant concentration, constant flow rate and constant temperature, the solvents-laden gas stream was fed to a fixed-bed adsorption column. All gas flow rates were metered and adjusted by five mass flow controllers. Experimental temperature was maintained by circulating water bath and its accuracy was ±0.02℃at 303K.  About 10 g of dried activated carbon was packed in a stainless steel column of 1.82 cm I.D. to height of about 10 cm.  During the adsorption, the concentration history at the exit of the adsorption bed was monitored by a gas chromatograph (Hewlett Packard type 5890 series II) equipped with a flame ionization detector. To analyze the concentration of effluent gas streams with a constant time interval, the automatic 6-port injection valve (Valco Co.) with digital timer (Autonics type FX4) was used. To make sure the accuracy of the adsorption isotherm collected by fixed-bed method, the analysis was carried out with an exact time space between 3 and 5 min. A constant analysis time space enables us to calculate the adsorbed moles from breakthrough curves without difficulty. After each adsorption experiment, a saturated adsorption column was regenerated for next experimental run by admitting the pure nitrogen flow at 573 K for 12 h.  In all experimental runs, inlet concentrations of solvent-laden gas were set from 100 to 10000 ppm for pure component, and were set from 100 to 4000 ppm for binary and ternary mixtures, respectively. The linear velocity of gas stream varied between 0.3 and 0.5 m/s (i.e. flow rate range is 6 to 12 liter/min), which is same condition as if it were commercial solvent recovery system.
Results and Discussion

   When designing the adsorption facilities, one needs a reliable representation of the adsorption kinetics as well as the equilibrium isotherms for adsorbent used. The information on the adsorption kinetics can be obtained by mathematical modeling of an adsorption process.  For isothermal adsorption, only the mass transfer mechanism may be considerable.  In general, the mass transfer mechanism includes four steps: fluid film transfer, pore diffusion, adhesion on surface, and surface diffusion. In order to make quantitative prediction of the dynamic behavior, complete solutions for each step must be required. However, it is not easy to compute the multicomponent adsorption dynamics using a complete model, because of mathematical difficulties and a lot of computation time. For this reason, the linear driving force (LDF) approximation model for overall mass transfer has been widely applied for dynamic modeling. Many researchers have reported reasonable agreements between experimental data and models employing overall linear driving force mass transfer coefficients. Strictly speaking, the overall linear driving force mass transfer coefficient is an effective lumped-resistance coefficient, and therefore it is important to investigate the effects of control variables on adsorption behaviors.  In this study, the effects of two control variables, such as both the bulk fluid velocity and the concentrations (or partial pressures) for each solvent, were investigated.  

   As mentioned above, several sets of column experiments for pure and binary component were made.  By optimizing the breakthrough data of the pure and the binary mixtures with the prediction results using a mathematical model, the values of the overall linear driving force mass transfer coefficients were obtained for various experimental conditions.  By adapting a non-linear regression technique, the results were correlated with a following relationship:
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In Eq.(1), ki are overall mass transfer rate coefficients and Pi are partial pressures for component i, respectively.  Besides, Ai and Bi are specific parameters, which are related to interstitial bulk fluid velocity in a packed column. All parameters of Ai and Bi will be presented in the meeting. Because of the lack of experimental data, the correlation cannot provides the sufficient useable range (i.e. only be available in the experimental range).  The possible range is the partial pressure of 0.01 to 1.1 kPa for each species and the interstitial bulk fluid velocity of 0.66 to 1.0 m/s. A comparison between the observed values for ki and values calculated from Eq.(1) is shown in Figure 1.
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Figure 1. Comparison between measured overall mass transfer 

                coefficients and values calculated from Eq.(1).
   By applying the correlation Eq.(1), the experimental breakthrough curves for three pairs of binary mixtures were re-predicted and the results are presented in Figure 2. In equilibrium-controlled system, the phenomenon of “roll-up” is commonly observed in the breakthrough curves whenever the equilibrium relationship is favorable form. Under these conditions, the more strongly adsorbed (and therefore slower travelling) species displaces the weaker (and faster traveling) species, leading to a rise in the effluent concentration of the less strongly adsorbed species above the inlet value.  Such behavior is well-understood. For binary mixture of benzene and toluene, toluene is more strongly adsorbed than benzene as shown in Figure 2(A).  Our model gives qualitative agreements with our experimental data, however it fail to predict the amount of roll-up for benzene. Probably, this is because the equilibrium model was failed for predicting the amount adsorbed of benzene in benzene/toluene binary mixture. For both benzene/p-xylene and toluene/p-xylene binary mixtures, model predictions satisfactorily agree well with the experimental data as shown in Figure 2(B) and 2(C), respectively.

   In Figure 2, the experimental and predicted breakthrough curves for ternary mixture are presented. As shown in this figure, model predictions show good agreements with the experimental ternary breakthrough curves. This implies that a suggested correlation for overall mass transfer resistance is valid for the adsorption system of BTX on an activated carbon used. Therefore, it can be expected that this correlation could be effectively used to design the adsorption facilities for treating BTX vapors by activated carbon.
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Figure 2. Experimental and predicted breakthrough curves for binary mixtures of BTX on activated carbon at 303K.
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Figure 3. Experimental and predicted breakthrough curves for ternary mixtures of BTX on activated carbon at 303K.
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