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Introduction

The air treatment system is an essential part of medical air installations: it ensures the drying and purification of the compressed air produced, to provide healthcare facilities with medical air that complies with the European Pharmacopeia n°1238-medical air in NF EN ISO 7396-1. A medical compressed air dryer is produced by pressure swing adsorption (PSA) using water-selective adsorbents. The dew point of the air treatment system reaches a minimum of -45°C which allows for high air quality. The production of dry medical air is ensured by air compressors and a column operating in PSA mode with a counter-current regeneration mode. The common industrial column is a fixed bed with various moisture adsorbents such as alumina, hopcalite and activated carbon in series in the form of granules. The state of the art is based on the choice of the nature of the adsorbents, their arrangement in the column and their respective volume (Cardenas et al, 2022). Qualitatively, the adsorbents placed at the bottom of the column are the least hydrophilic and adsorb the most moisture, while the adsorbents placed at the top of the column are the most hydrophilic and allow moisture adsorption at low concentrations. In the literature some models to describe the dynamic adsorption of water vapor on alumina are found, contrary to hopcalite where there is limited. Therefore, this study proposes to develop a fickian multiscale model to predict the adsorption and desorption breakthrough fronts on hopcalite as a function of gas flow rate, concentration, and temperature. This model is described by mass balance, thermodynamic, and adsorption/desorption kinetics equations. Several parameters are needed to implement the model, thus the hopcalite is characterized, and water vapor adsorption isotherm measurements are carried out. Experimental adsorption and desorption breakthrough curves at different water vapor concentrations and gas flow rates are measured and used to estimate the axial dispersion, external film mass transfer, mixture diffusion and internal mass transport coefficients involved in the model equations, which are implemented, and solved within COMSOL Multiphysics ® . The identified model is validated using different water vapor adsorption and desorption breakthrough curves from those used for parameter identification. The model predictions and the measurements showed a good agreement, quantified using performance indices and confirmed by a Kolmogorov-Smirnov statistic test. The validated model can be used as a predictive tool for the design and optimization of an industrial air dryer.

Adsorption isotherms

In the model development of the water vapor adsorption/desorption process on hopcalite, one of the main issues is to select the adsorption equilibrium isotherm that best describes the process. Experimental adsorption isotherms of water vapor on hopcalite in a temperature range of 288-313 K and pressures up to the saturated concentration were measured using a manometric BelsorpMax 2 instrument.

Toth-Aranovich-Donohue (Toth-AD) equation

The temperature-dependent Toth-Aranovich-Donohue equation was applied to approximate the equilibrium relationship of water vapor on hopcalite. The model equation is as follows:

( ) ( ) 2 1 2 1 1 1 o o m e n t t q b c q bc bc    =   -       +    (1) 
where qe (mol.kg -1 ) is the equilibrium amount adsorbed, c (mol.m -3 ) is the water vapor concentration, qm (mol.kg -1 ) is the maximum amount adsorbed, b and b2 (m 3 .mol -1 ) are the equilibrium constants at low and high concentrations, respectively, to is the Toth's heterogeneity factor and n2 is an adjustable dimensionless factor. The temperaturedependent parameters qm, b, b0 and t0 are detailed in the study by Cardenas et al. (2022a).

Dynamic adsorption/desorption modeling

A comprehensive one-dimensional fickian multiscale model is developed to simulate the dynamic process of adsorption and desorption of water vapor. The model is based on mass balance, thermodynamic, and kinetic equations.

Model assumptions

The assumptions of the model are as follows: (i) the gas mixture obeys the ideal gas law, (ii) water vapor is the only adsorbed molecule, (iii) the pressure drop along the bed is negligible, (iv) the resistance to mass transfer through the boundary layer surrounding the solid particles is characterized by an external film mass transfer coefficient, (v) the mass transfer within the particles is due to Fick's diffusion and characterized by an effective diffusion coefficient in the macropores, (vi) the mass transport of water vapor in the mesopores is due to mesopore diffusion, (vii) the Toth-Aranovich-Donohue equation describes the equilibrium isotherm of the gas phase with the adsorbent, (viii) the adsorbent particles are assumed to be spherical and homogeneous in size and density, (ix)
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Fickian multiscale model

The multiscale model considers the bed scale and the particle scale. The particle is divided into two phases: a gas and a solid phase.

(i) In the bed column, the equation of the water vapor mass balance in the gas phase is expressed as follows:
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(ii) In the particle, assuming the absence of lateral and azimuthal variations of the concentration, the mass balance in the radial direction can be written as:
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(iii) In the particle, the water vapor adsorbed on the solid surface is approximated by the linear driving force LDF model and is written as:

( )
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where c (mol.m -3 ) is the water vapor concentration in the gas phase, v = u/εb (m.s -1 ) is the interstitial gas velocity, Dax (m 2 .s -1 ) is the axial dispersion coefficient, εb (mgas 3 .mcol -3 ) is the bed porosity, rpe (m) is the mean radius of the adsorbent particle, kf (m.s -1 ) is the external film mass transfer coefficient, cp|rp=rpe (mol.m -3 ) is the water vapor concentration at the surface of the particle, Bi = rpekf /(5De) is the material Biot number, De = εpe 4/3 DM (m 2 .s -1 ) is the effective diffusion coefficient, which depends on the porosity, and the mixture diffusion DM (m 2 .s -1 ) in the particle, q (mol.m -3 ) is the average water vapor amount adsorbed on the solid surface, qe * =qe ρs (mol.m -3 ) is the equilibrium water vapor amount adsorbed, ρs (kg.m -3 ) is the solid density, and k1 (s -1 ) is the internal linear driving force factor. This equation is completed by the following initial and boundary conditions:

-For 0 ≤ z ≤ L, at t = 0: c = 0, cpe = 0, q = 0 -For t and rp > 0, at z = 0:

( ) 
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Implementation and simulation of the model

The external mass transfer coefficient is estimated using the [START_REF] Wakao | Effect of fluid dispersion coefficients on particle-to-fluid mass transfer coefficients in packed beds[END_REF] correlation: 

where Sh, Rep, Sc, and Pe ' are the dimensionless Sherwood, Reynolds, Schmidt and Peclet numbers respectively, DAB (m 2 .s -1 ) is the molecular diffusion coefficient. It is important to point out that Dax and kf increase with increasing gas flow rate. To keep this property, cm2, cm3 and cm4 are also considered as unknown parameters to be identified from the measurements (Esposito et al, 2022). A total number of five estimable parameters is therefore identified, i.e., k1, DM, cm2, cm3 and cm4. Comsol Multiphysics ® version 6 is used to implement and solve the set of partial differential equations of the model. The estimability analysis algorithm using the orthogonalization algorithm described by [START_REF] Yao | Modeling ethylene/butene copolymerizationwith multi-site catalysts: Parameter estimability and experimental design[END_REF] is applied to the multiscale model and the value of the estimability threshold was set equal to 0.04 as suggested by [START_REF] Bouchkira | Global sensitivity based estimability analysis for the parameter identification of pitzer's thermodynamic model[END_REF]. The following estimability order: k1>DM>cm2>cm3>cm4. It should be noted that all parameters are estimable based on available measurements.

Model prediction performance

The prediction performance of the model is quantitatively assessed by means of criteria which compares model predictions with the experimental measurements. In this study, it is evaluated according to two different criteria: The root mean-square error function (RMSE) and the Pearson correlation coefficient (r).

Results and discussion

Parameters identification

The experimental data used consist of breakthrough measurements carried out at a room temperature of 20 °C, at gas flow rates of 90, 120, and 150 mL.min -1 with a water vapor concentration of 0.67 mol.m -3 , and at a gas flow rate of 135 mL.min -1 with four water vapor concentrations of 0.19, 0.38, 0.48, 0.72, and 0.77 mol.m -3 i.e., eighth adsorption and desorption experimental measurements to identified parameters. The optimal parameters identified and estimated during adsorption are used in the desorption simulation, except for the parameter k1, which is estimated simultaneously from available desorption experimental measurements. Figures 1 compare the experimental measurements to the model predictions obtained using the optimized parameters in the adsorption and desorption process. The water vapor/hopcalite isotherm model used is the Toth-Aranovich-Donohue.

 0.77 mol.m -3  0.72 mol.m -3  0.67 mol.m -3  0.48 mol.m -3  0.38 mol.m -3  0.19 mol.m -3  170 mL.min -1  135 mL.min -1 100 L.min -1 -model
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Figure 1: Comparison of water vapor adsorption (left) and desorption (right) breakthrough curves predicted with the measurements using the multiscale model.

The figure show that the predictions of the multiscale model are consistent with the experimental measurements because the Pearson correlation coefficient is close to 1 (r=0.99) and the root mean square error (RMSE<0.23) is low. The optimized parameter values as well as their 95% confidence intervals (CI), and the dimensionless material Biot number (Bi) of is reported in the Table 1 The fast saturation of the adsorbent bed at higher flow rates is since as the flow rate increases, the thickness of the film surrounding the particles decreases, reducing the resistivity value of the film for mass transfer. The value of the material Biot number (see Table 1) is greater than 3. Therefore, the adsorption mechanism is controlled by internal pore diffusion. Moreover, the breakthrough time, defined as the time required to reach 10% of the water vapor concentration in the bed column, decreases with increasing water vapor concentration at the inlet. It can also be observed that an increase in water vapor concentration at the inlet results in bed saturation being reached earlier due to relatively faster transport. Since the confidence interval values are lower than the parameter values reported in Table 1, the parameter identification can be considered accurate given the excellent fit indices. The coefficients for external film mass transfer and axial dispersion could be estimated with a different correlation than the one used, for example, by [START_REF] Delgado | CFD modeling and simulation of an ammonia adsorption process[END_REF] and [START_REF] Valdés-Solís | Adsorption and breakthrough performance of carbon-coated ceramic monoliths at low concentration of nbutane[END_REF] to improve the agreement between measurements and predictions. Despite this discrepancy, the values of the estimated coefficients at different gas flow rates reported in Table 1 are consistent with the magnitudes reported in the literature [START_REF] Cardenas | Analysis of an industrial adsorption process based on ammonia chemisorption: Modeling and simulation[END_REF]. The calculated divergence values that are below the critical value (Dn * =0.2) allow us to accept the null hypothesis (H0), i.e., we can claim with 95% probability that the predicted and measured breakthrough curves have the same distribution. As shown in Figure 2, the predictions of the water vapor adsorption model guarantee this null hypothesis in almost all cases, so we can fully validate the multiscale model prediction of water vapor adsorption on hopcalite. On the other hand, the predictions of the water vapor desorption model, despite being very close to the critical value, cannot be guaranteed to be predicted.

Model validation

Conclusions

The accuracy of the one-dimensional dynamic adsorption and desorption model using the temperature-dependent Toth-Aranovich-Donohue equation developed, identified, and validated for the simulation of a packed bed column in which water vapor is physically adsorbed on hopcalite was demonstrated. The fickian multiscale model allowed the finding that the adsorption process is controlled by the diffusion of water vapor in the macropores by a value of the material Biot number higher than 3. The statistical validation and the performance of the model performance indices ensure the quality of the model predictions, which is not always the case in modeling studies. This model coupled with an energy balance to improve the design and optimization of commercial adsorption columns using multilayer beds.

-

  For t and z > 0, at rp = 0Because of this reversibility, we can propose to treat the desorption breakthrough curve as if it were an adsorption breakthrough curve. Only the initial conditions and the boundary conditions are different. Therefore, the same model as described above is used along with the following modified initial and boundary conditions: -For 0 ≤ z ≤ L, at t = 0: c = c0, cpe ,

  dispersion coefficient, the correlation of[START_REF] Rastegar | Empirical correlations for axial dispersion coefficient and peclet number in fixed-bed columns[END_REF] was used:

Table 1 .

 1 . Optimized parameter values for water vapor adsorption on hopcalite

	Bi=4.63

  The identified model is then validated with additional measurements of water vapor adsorption and desorption breakthrough curves obtained on hopcalite at different temperatures, i.e., 15, 30, 40, and 50 °C, corresponding to the water vapor concentrations of 0.48, 0.47, 0.46, 0.45 mol.m -3 and a gas flow rate of 150 mL.min -1 . The results are shown in Figure2. It is important to note that these operating conditions (concentration, gas flow rate, and temperature) are different from those used in parameter identification. The Kolmogorov-Smirnov statistical test is used and is based on the calculation of the divergence (Dn) between two distributions. For more details, see the study byCardenas et al. (2022b).
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