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Introduction

The needs for moisture removal technology is getting higher as product quality incidents due to moisture occur frequently. To design appropriate adsorption drying process for moisture removal or to optimize steam regeneration process, it is essential to select proper adsorbents and to study on adsorption rate and adsorption equilibrium. In this work, the studies for adsorption equilibrium and kinetics of H2O on zeolite 13X were conducted. The adsorption equilibria were measured by a gravimetric method to the pressure region that capillary condensation took place. The adsorption isotherms were fitted by both excess surface work model and existing Langmuir-Freundlich model to verify their effectiveness. Also, the kinetic data were compared with several LDF-type models and solid diffusion model.

Models for adsorption isotherms

Excess Surface Work (ESW) is defined as the product of the amount adsorbed (nads) and the change in the chemical potential ((().   
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The basic idea for an adsorption process is that the ESW will minimize at the maximum of adsorbate-adsorbate and adsorbate-adsorbent interaction, which is defined as the monolayer capacity. This yields the differential equation at the point nads = nmono with the amount adsorbed.    
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The change of the chemical potential is presented by the ratio of the pressure (p) to saturation vapor pressure (ps) and the absolute temperature (T).    
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By integration and linearization, the following equation is obtained. 
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A plot of ln(((( against nads gives the monolayer amount (nmono) from the reciprocal slope and the initial potential (((o) from the ordinate intercept. With the results of the new model, it is possible to calculate recursively an adsorption isotherm.

Models for adsorption kinetics
When effective diffusivity is constant, intraparticle diffusion rate can be expressed by following equation (solution diffusion model) and analytical solution can be obtained for the initial and boundary conditions. 
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LDF equation approximates the rate of sorption by a spherical particle that is subject to varying increases in the ambient fluid concentration. The approximation, as given by Glueckauf and Coates, is
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For a step function change in concentration, the solution for the mass transfer into an adsorbent was approximated by Vermeulen as the following. 
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The applicability of the LDF approximation to the pressure swing adsorption (PSA) process has been discussed by Nakao and Suzuki. They pointed out that the value of the coefficient K in the LDF approximation is given as a function of the half-cycle time. 
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Experiment

 The adsorbent used in this study was pelletized zeolite 13X, which had a bi-dispersed pore structure consisted of micropores and macropores. Prior to each experiment, the adsorbent has been activated for over 7 hours in the furnace at 340 (C. 

Figure 1 shows a schematic diagram of experimental apparatus. The gravimetric method was used to investigate adsorption characteristics of water vapor on zeolite 13X. The hangdown basket from a precise balance (HR-300, AND Co.) was equipped on the oven to keep a constant temperature. When the temperature and humidity sensor (HMP111Y, Vaisala Co.) equipped in the beaker displayed constant values, the activated adsorbents put in the mesh basket. Desired values of relative humidity were obtained by adding several kinds of salts into beaker filled with distilled deionized water. In order to monitor a constant experimental condition, the values of humidity and temperature were displayed through indicator. The adsorbed amounts vs. time were automatically recorded through interface with a computer. The experimental ranges of temperature and relative humidity were 298 – 318 K and 15 – 90 %, respectively. 

Result and Discussion 

 By plotting 
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) could be obtained from the reciprocal slope and from the ordinate intercept, respectively. The integral plot of water adsorption versus the change of chemical potential showed two linear regions described by two pairs of parameters as shown in Figures 2(a) . 

Regardless of operating temperature, the transition point was placed on the range of 0.26 – 0.28 g/g of amounts adsorbed. One pair of parameters described the lower pressure region whereas the other pair gave a good approach to the higher pressure region. In the lower pressure region considering pure physical adsorption, the monolayer adsorption capacity could be calculated. Also, the other linear line in the higher pressure region was made of second and more effects such as transition to capillary condensation

As shown in Figures 2(b), adsorption isotherms were recursively calculated by using equation (4) with two pairs of parameters. The calculated isotherm has well fitted experimental data even for the higher pressure region that capillary condensation occurred. The averaged error values for 298K, 308K and 318K were 1.069%, 0.701% and 1.553%, respectively. The pressure that capillary condensation occurred was increased as the temperature increased

Figure 3 shows comparison of the calculated isotherms between the Langmuir-Freundlich model and the ESW model. The Langmuir-Freundlich model could not predict experimental data in capillary condensation region. The model gave too small values of the amount adsorbed at higher pressure whereas ESW model gives good agreement with experimental data over whole pressure region. 

Also, the adsorption equilibrium at low pressure region in H2O/zeolite 13X system showed near irreversible isotherm type. It implies that the high energy is needed to regenerate the adsorbent. The capillary condensation pressure increased with the increase of the system temperature. It notes that the capillary condensation pressure strongly depends on the system temperature such as the saturated pressure.

The calculated uptake curves by solid diffusion, LDF, Vermeulen, and Nakao-Suzuki models are shown in Figure 4. It is reported that Vermulen model is more suitable for Langmuir type isotherm or irreversible isotherm that shows strongly favorable adsorption behavior at early stage. Like this, Vermulen model predicted well the experimental data at early stage of adsorption in the high RH condition. Meanwhile, this model in the low RH condition overestimated experimental data at early stage of adsorption. Also, the LDF with a coefficient of 15 underestimates the rate of uptake when the amount adsorbed is small. In the case of Nakao-Suzuki LDF model, the constants K at 298K were 16.8 and 16 for 76%RH and 23%RH, respectively, and those values were bigger than that of Glueckauf model (K=15). Nakao-Suzuki model provided better fit for water adsorption on Zeolite 13X than the more rigorous solid diffusion model and other models. The errors averaged over 3000 seconds were 1.528%, 1.084%, 3.632% and 3.245% for LDF, Nakao-Suzuki, solid diffusion and Vermeulen model, respectively. There is a substantial differential in the characteristics of isothermal uptake curves on adsorbent particles by the LDF and the solid diffusion model. Although solid diffusion model of gas transport in adsorbent particles provides a more realistic mechanism, the model is not adequate for describing exterior mass transfer and intraparticle transport phenomena. Kim et. al. showed that the results of all five steps in PSA were successfully predicted by the LDF model considering an energy balance and nonliner isotherm. Recently, Sircar et. al. demonstrated the LDF model could be used as a practical tool for describing the adsorption kinetics on heterogenous solids. The results of this study also shows that LDF model is adequately used to describe the adsorption kinetics as long as detailed equations for mass transfer resistance are not incorporated into the solid diffusion model. 
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Fig. 1. Schematic diagram of the                Fig. 2. Equilibrium isotherm of water at

experimental apparatus                        298 K on zeolite 13X.
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Fig. 3. Recursively calculated isotherms of    Fig. 4. Uptake curves at 298 K in RH 76%

by ESW model and L-F model at 298 K,      and 23%.

308 K and 318 K.
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