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ABSTRACT

 The present study is avoided to a better understanding of the complexity of the adsorption 
process of a gaseous constituent on a porous solid (wood) with the purpose to improve the modeling. 
During the sorption on the porous solid, the diffusion mass transfer of the gaseous substance A occurs 
simultaneously in gaseous and adsorbed phases. The mass balance equations are written for the 
simultaneous diffusion transfers. The thermodynamic equilibrium between the phases is also represented. 
Four different models have been compared. Numerical results have been compared with experimental 
data and show that the hypothesis of equilibrium conditions between the gaseous and the adsorbed 
phases is not always verified.
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INTRODUCTION

 The analysis of the sorption of gaseous substance in an isothermal porous solid without 
chemical reaction, involves the following steps (see Fig. 1).

a.  Diffusionnel transfer of the adsorbate A in the gaseous phase, because of the existent concentration 
gradient.

b.  Transfer of the adsorbate A from the bulk fluid to the surface of the porous solid.
c.  Diffusionnel transfer of the gaseous constituent into the adsorbent pores.
d.  Adsorption process.
e. Diffusionnel transfer of the adsorbed constituent in the adsorbent pores. 

 Classical chemical engineering models generally express the sorption processes on isothermal 
porous solid as a function of the adsorbed phase concentration gradient. They do not introduce the 
simultaneous diffusion of the constituent A in both the gaseous and the adsorbed phase (steps c and e). 
Furthermore, in addition to the diffusion of free molecules in the pore, adsorbed molecules can reveal 
mobile and slide from one site to another. This motion is known as surface diffusion. Moreover, the 
sorption processes are often considered with the hypothesis that the constituent in the adsorbed phase 
remain in thermodynamic equilibrium with the gaseous phase composition. Several workmanships 
have been developed about the fundamental principles of the adsorption processes, kinetic models and 
equilibrium studies (Ruthven 1984, Yang 1987, Do 1998). The multicomponent transient diffusion and 
the interaction and competition between the adsorbates have been studied by Do and Do (1998). The 
presence of viscous flow, resulting of the existence of partial pressure gradient and the heat effects 
during the adsorption were introduced in the models (Do and Do 1998, Mugge et al. 2001)
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Fig. 1. Steps involved in the adsorption process.

 This study is interested by the unsteady state modeling of the mass transfer of one gaseous 
adsorbate in a porous media during sorption process in isothermal conditions. The mass transfer is limited 
only to the diffusion; there is no internal convective transfer. In fact, in absence of a heat gradient the 
convective transfer of the gaseous phase is negligible. The porous media was considered as isotropic. 
This simplest representation of the pore structure of the adsorbent was proposed by Glueckauf and 
Coates (1947) and is well adapted for isothermal systems. In this model, diffusion flux is proportional 
to concentration gradient and an effectiveness diffusion coefficient which brings in the porosity of 
the system and the tortuosity of the pores. The diffusion transfer is supposed in only one direction. 
The numerical results obtained by the classical modeling and the models taking into account the 
simultaneous diffusion in gaseous and adsorbed phase are compared to the experimental data obtained 
for the desorption of vapor water. This example could be used in very restrictive conditions. In fact, 
this kind of sorption processes occurs during the slow processes of wood drying and humidification 
in the hydroscopic area. The analysis of this comparison allows study the importance of introducing 
the simultaneous diffusion fluxes. The existence of the thermodynamic equilibrium is also discussed 
in this paper. Four models are proposed in this work. The following hypothesis was used:

- Model I the mass of the adsorbate A in the gaseous phase in the pore of the solid sample is negligible 
comparing to the mass of A in the adsorbed phase. The diffusion of A in the porous solid is calculated 
using concentration gradient of A in the adsorbed phase and an apparent diffusion coefficient D*. D* is 
determined by optimization from the comparison between the theoretical and experimental curves and 
includes whole the diffusionnel transfer (Mouchot and Zoulalian 2005). Model I expresses the mass 
transfer using the optimized diffusion coefficient D* and the concentration gradient of the constituent 
A in the adsorbed phase

- Model II reduces the process to the diffusion in the adsorbed phase only. The mass of the A in the 
gaseous phase in the pore of the solid sample is negligible and the diffusion flux of A in the gaseous 
phase is weak comparing to the diffusion process in the adsorbed phase. The transfer of A in gaseous 
phase was not introduced in this model. The adsorbed phase diffusion is characterized by a diffusion 
coefficient DAds which was measured independently (Mouchot and Zoulalian 2005).

- Model III the mass of A in the gaseous phase is taken into account. The diffusion transfers occur 
simultaneously in the gaseous and in the adsorbed phase. The corresponding diffusion coefficient DV 
and DAds were determined by independent experimental devices (Mouchot and Zoulalian 2005). In this 
model the existence of a local thermodynamic equilibrium between the gaseous and in the adsorbed 
phase is assumed.

- Model IV the mass of A in the gaseous phase is also taken into account. Likewise the Model III, the 
diffusion transfers occur simultaneously in the gaseous and in the adsorbed phase but the thermodynamic 
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equilibrium between the two phases is not attended. In the absence of this equilibrium the flux ϕ of 
transferred adsorbate, is given by the equation (1):

 Where C is the solid phase concentration, expressed by the mass of A per unit mass of the solid 
before adsorption kg A.kg-1 porous solid, ρ is the density (kg.m-3) of the constituent A in the gaseous 
phase related to the gas phase concentration Cg kg A.kg-1 vector gas, f(ρ) corresponds of the value 
of C in thermodynamic equilibrium with the mass of A in the surrounding gas, ka is a global volume 

transfer coefficient (s-1), 0r  is the density of the porous solid before adsorption (kg.m-3).

Mathematical formulation.
 Let us consider an isotropic porous solid where the transfer of a gaseous adsorbate is limited 
in one principal direction. In these conditions, the analysis is based on the pellet model characterized 
by a contact surface S and thickness e. The sample presents symmetry with respect to the median 
plane perpendicular to the direction y. The thickness of the solid is very weak compared to the others 
dimensions. The transient mass balance equations describing the mass transfer of A using the four 
above listed models are given in the following paragraphs.

Mass balance equations relative to the Model I.
The mass balance equation of the transferred constituent A in the porous solid thickness ranging from 
y + dy to , are written :

The initial conditions are specified as follow:
at

          
The boundary conditions are given by:
at 

y = 0 

        
at 

2/ey =
        

The boundary conditions (5), suppose that there is not any transfer resistance at the sample surface. If such 
transfer resistance exists, the boundary conditions are then substituted by the following expression:
at

y=e/2
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 When the boundary conditions (6) are used, the model is named Model Ia. The external transfer 
resistance will not be introduced in the Models II to IV.
 Once the distribution of A over the sample thickness calculated numerically, the mass of the 
sample  at any instant t can be evaluated by the equation (7).

 
where m0 is the weigh of the sample before adsorption of A, t is the integration time, and S is the 
sample contact surface.

Mass balance equations relative to the Model II.
 The mass balance equations of Model II are similar to the Model I equations. The difference 
comes from the consideration that the total diffusion transfer is realized in the adsorbed phase only. 
The diffusion process is characterized then by the diffusion coefficient in the adsorbed phase DAds. The 
mass balance equation of the adsorbed constituent A is given by (8):

  

 The initial and the boundary conditions are identical given by the equations (3-5). The mass 
of the sample at each instant t is evaluated by the relation (7).

 The comparison between the results obtained with the Model I and Model II allows 
understanding if the diffusion transfers of A could be reduced to a transfer in the adsorbed phase.

 Mass balance equations relative to the Model III.
The mass balance equations for this mode are written as follows:

where ε represents the global porosity of the solid and:

           

The equation (10) expresses the thermodynamic equilibrium between the gaseous and the adsorbed 
phases.

The initial conditions are given by:
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The boundary conditions are written:
at
 

The sample mass at any instant t is evaluated by the relation:

The contribution of the third term of the equation (14) is always very weak comparing to the two 
other terms.

Mass balance equations relative to the Model IV.
The mass balance equations of the last model leads to the equations:

The initial and boundary conditions are identical to Model III conditions and are given by the equations 
(11-13). The sample mass at any instant t is evaluated by the la relation (14).

Numerical resolution.
The differential equations presented in the previous section introduce partial derivatives with respect 
to the space (∂( )/∂y) and with respect to the time (∂( )/∂t). These equations are solved by the finite 
difference method. The procedure for deriving finite difference equations consists of approximating 
the derivatives in the differential equations via a truncated Taylor series. The integration domain is 
recovered by a regular grid of points. The distance between two grid points is defined by: 
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where M is the grid points number.

i
nC  kg A.kg-1 porous solid on the grid point i, distanced by yiyi ∆=  from the pellet center at the 

instant tn=ndt; dt is the integration time step and n is the number of the integration time steps. The 
partial derivatives with respect to the time and the space take the form (Eq. 19, 20):

The four presented models are approximated to a parabolic form equation.

A regular grid with 104 grid point has been used for the following simulations. The run time varies 
according to of the models between few minutes to two hours. 

Numerical simulation and results 
 It is interesting to compare the numerical results obtained with the proposed four models 
and experimental data in order to investigate if the representation of the real phenomena improves 
the simulation. Experimental data giving the diffusion coefficients keep rare in the literature. An 
experimental study of desorption of water from a wood sample (Mouchot and Zoulalian 2005) 
allowed us to realize the described comparison. The experiments are carried out with beech wood. 
During the experimental study, tests of humidification and drying were realized. The samples used 
for these measures have been selected in such manner that diffusion transfer takes place in one only 
orthotropic direction. The wood is previously placed in a surrounding humid air at a fixed temperature 
(35°C), characterized with a relative moisture Cg1 (kg water. kg-1 dry air) still the attainment of the 
thermodynamic equilibrium. The initial wood moisture is then well known. The desorption experience 
consist on placing the samples in isothermal conditions (35°C) in an enclosure with a constant relative 
moisture Cg2 such that Cg2 < Cg1. A desorption diffusion transfer of water from the wood sample 
towards the gas phase of the enclosure results. The mass of the sample decreases during the time until 
a new thermodynamic equilibrium corresponding to moisture Cg2 is established. During the desorption 
experiences the mass variations of the wood sample with respect to the time have been registered. 
The Model III needs                      an expression  giving the wood moisture C in equilibrium with the 
surrounding air moisture Cg for a given temperature, keeping in mind also that ρ = f(Cg). Several 
correlations are available in the literature (Lartigue and Puiggali 1987, Bastias and Cloutier 2005), but all 
these correlation do not   give a good prediction of the wood moisture for the experimental temperature 
35°C. In order to resolve this problem we have used an experimental abacus (Siau 1995) giving the 
values of C as a function of the surrounding air moisture  at 35°C. The equilibrium relation                                                            
         was plotted and gifts the following polynomial form:

)(rfC =

)(rfC =
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The evolution of the sample weight obtained experimentally and numerically is shown on Figs. 2-10. 
A non-dimension variable E was used:
     

were :
 -mfinal is the sample weight in equilibrium with the humidity C2;
 -minitial is the sample weight in equilibrium with the humidity C1 ;
 -m is the current sample weight at the instant t.

 The geometric characteristics of the wood samples and the measured diffusion coefficients 
for the adsorbed water and the vapor water are given in Table 1. The choice of the samples is done 
according to the following criteria: in the first experience HL11, the water transport is done in the axial 
direction, in the second one H7T, the water transfer occurs in the tangential orthotropic direction of 
the wood.

Table 1:  Geometric characteristics and diffusion coefficients for samples HL11 and H7T.

Numerical results obtained using the Model I, Model Ia.
The comparison between the experimental data and the numerical results obtained by the Model I are 
shown on the Fig. 2 (sample HL11) and Fig. 3 (sample H7T). It can be seen that with the optimized 
value of D* the model represents correctly the experimental curves. In order to investigate the efficiency 
of the Model Ia, we have realized several simulations using different values of hm, hoping to obtain 
some differences with the results obtained by the Model I. In real conditions, the motion of the gaseous 
phase is characterized with values of hm close to 10-3 m s-1. The results obtained with the Model I, the 
Model Ia (for hm = 10-3 m s-1,  and hm  = 5.10-7 m s-1) and the experimental data are presented on the 
Fig. 4. The analysis of this comparison allows us to conclude that external mass transfer resistance 
can be neglected for this experience.

Fig. 2. Comparison between the experimental data and the simulation results obtained using Model 
I for the sample HL11 (t : experimental data, - - - - - : numerical results).
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Fig. 3. Comparison between the experimental data and the simulation results obtained using Model 
I for the sample H7T (t : experimental data, - - - - - : numerical results).

Fig. 4. Comparison between the experimental data and the simulation results obtained using Model 
I and Model Ia for the sample H7T (t : experimental data, - - - - : numerical results using Model I, 

______  numerical results using Model Ia with kC= 10-3 m s-1, _ _ _ numerical results using Model Ia kC = 
5.10-7 m s-1).

Numerical results obtained using the Model II.
The numerical simulation realized using the Model II and the experimental value of the diffusion 
coefficient in adsorbed phase DAds does not give a good representation of the experimental data (see 
Figs. 5, 6). This simulation confirms that the adsorption process could not be reduced to the mass 
transfer in the adsorbed phase.

Fig. 5. Comparison between the experimental data and the simulation results obtained using Model 
II for the sample HL11 (t : experimental data, - - - - - : numerical results).
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Fig. 6. Comparison between the experimental data and the simulation results obtained using Model 
II for the sample H7T (t : experimental data, - - - - - : numerical results).

Numerical results obtained using the Model III.
This model takes into account the simultaneous diffusion mass transfer in the adsorbed phase and the 
gaseous phase, assuming the existence of thermodynamic equilibrium between the two phases. The 
fluxes are characterized respectively with the diffusion coefficients DAds and DV and the thermodynamic 
equilibrium at 35°C is introduced using Eq. 21. The numerical results obtained with the Model III 
(Figs. 7, 8) are not satisfying. That means that the hypothesis of a thermodynamic equilibrium is not 
always justified.

Fig. 7. Comparison between the experimental data and the simulation results obtained using Model 
III for the sample HL11 (t : experimental data, - - - - - : numerical results).

Fig. 8. Comparison between the experimental data and the simulation results obtained using Model 
III for the sample H7T (t : experimental data, - - - - - : numerical results).
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Numerical results obtained using the Model IV.
 The Model IV uses the experimental values of the diffusion coefficients in adsorbed gaseous DV 
and in the adsorbed phase DAds and needs also the knowledge of the global volume transfer coefficient 
ka. In this study ka is determined by optimization, searching for minimize the error function (Eq. 
23). 
        

where mexp is the sample weight obtained experimentally and mcal is the calculated value of the sample 
weight. The values found for the global volume transfer coefficient ka are as respectively 2.7 10-2 s-1 for 
the sample HL11 and 2.3 10-2 s-1 for the sample H7T. So, if the properties of the diffusionnel transfer 
in the two samples are different the values found for ka are very close. That confirms that transfer 
resistance at the wood fiber between the gaseous and the adsorbed phase does not depend on the 
transfer direction, and confirms the assumption that the fiber composition is isotropic. The comparison 
between the experimental and the numerical results are given of the Figs. 9, 10. It can be seen that 
the numerical simulation is very satisfying. Same if the simulation results obtained using the Model 
I are also very good, it does not allow to represent the real mass transfer phenomena which include 
the simultaneous diffusion fluxes in gaseous and adsorbed phases and a resistance transfer between 
gaseous and adsorbed phases.

Fig. 9. Comparison between the experimental data and the simulation results obtained using Model 
IV for the sample HL11 (t : experimental data, - - - - - : numerical results).

Fig. 10. Comparison between the experimental data and the simulation results obtained using Model 
IV for the sample H7T (t : experimental data, - - - - - : numerical results).
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CONCLUDING REMARKS

 The comparison between the numerical results obtained using the model which takes into 
account the simultaneous diffusion of water in the gaseous and adsorbed phase shows a good agreement 
with the experimental data. The Model I permits to represent also the experimental curves but the 
diffusion coefficient obtained by optimisation remains different from the values deduced of appropriate 
experiments for their evaluation. The study of two wood samples proves that the thermodynamic 
equilibrium between the gaseous and the adsorbed phase is not necessarily established. It has to be 
reminded that the equilibrium condition is generally admitted when the usual industrial absorbent are 
studied (active carbon, zeolites…). 
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