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 This study presents a pore-scale numerical investigation of water vapor adsorption in silica 

gel using the lattice Boltzmann method (LBM). Five distinct geometric configurations with 

nearly identical porosity values (~0.56) were simulated to ensure consistent flow 

conditions and enable a focused analysis of adsorption dynamics. The results demonstrated 

that fluid flow behavior remained uniform across geometries, with permeability values 

showing minimal variation. The adsorption process was then examined under varying 

particle sizes (1.6 to 4.57 𝜇𝑚), inlet concentrations (20 to 40 𝑚𝑜𝑙.𝑚−3), and Langmuir 

isotherm parameters. Among all the examined factors, particle size had the most 

pronounced influence on adsorption dynamics. Smaller particles (1.6 𝜇𝑚) achieved 

complete adsorption within 17 𝜇𝑠 , while larger particles (4.57 𝜇𝑚) required up to 95 𝜇𝑠, 

about 5.5 times longer. This delay in larger particles is attributed to their higher internal 

diffusion resistance, whereas smaller particles, with their greater area-to-volume ratio, 

enabled faster adsorption and higher mass flux. Conversely, changes in inlet concentration 

and the absolute values of the Langmuir adsorption and desorption rate constants 

(adsorption rate 𝑘𝑎 altered from 1.47 × 106 to 1.47 × 108 with constant adsorption to 

desorption rate 𝐾) had negligible effects on the overall dynamics. These findings highlight 

that solid-phase diffusion is the dominant mechanism governing adsorption in silica gel, 

while the influence of isotherm kinetics and external concentration gradients is of second 

importance. This work contributes to a deeper understanding of mass transfer limitations in 

porous adsorbents and offers insights for optimizing material design and operating 

strategies in adsorption-based systems. 
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1. Introduction 

Porous media are characterized by a complex 
network of interconnected voids or pores within 
a solid matrix, allowing fluids or gases to 
permeate through them [1]. These materials are 
ubiquitous in nature and engineering, 
encompassing substances such as soils, rocks, 
biological tissues, and synthetic composites like 
foams and ceramics [2]. The porosity, pore size 
distribution, and connectivity of these voids play 

a critical role in determining the material's 
physical properties, including permeability, 
thermal conductivity, and mechanical strength 
[3]. Understanding porous media is essential for 
modeling transport phenomena, as the intricate 
microstructure influences how mass, 
momentum, and energy are transferred at the 
microscopic scale [4]. 

The applications of porous media span 
numerous fields, leveraging their unique 
structural features for practical purposes. In 
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environmental engineering, they are used for 
groundwater filtration and contaminant removal 
[5]. Porous material are used in batteries [6], 
thermal management of the batteries [7], fuel 
cells [8], oil recovery processes [9], heat storage 
in phase changing materials (PCM) [10], heat 
transfer enhancement [11], catalysts [12], 
hydrogen production [13], hydrogen storage 
[14], gas filtration/separation [15], water 
purification [16], carbon capture [17], and many 
more applications. One key application of porous 
media is in adsorption processes, where the high 
surface area provided by the pores allows 
molecules to bond to surfaces, making them 
ideal for separation and purification tasks [16]. 
Adsorption is a surface phenomenon in which 
atoms or molecules from a fluid phase (gas or 
liquid) physically bond to the surface of a solid 
adsorbent, forming a thin film or layer [18]. It 
can be classified as physisorption, involving 
weak van der Waals forces, or chemisorption, 
which entails stronger chemical bonds  [19]. This 
process is reversible in many cases, allowing for 
regeneration of the adsorbent [20]. Natural 
convection in adsorption beds, long known to 
create entropy in macro-porous enclosures [21]. 
Adsorption finds widespread applications across 
industries, including gas separation in air 
purification systems, water treatment for 
removing pollutants, catalysis in chemical 
reactions, and humidity control in dehumidifiers 
[14]. In particular, water vapor adsorption in 
materials like silica-gel is vital for desiccant-
based drying systems, energy-efficient cooling 
cycles, and moisture management in storage and 
transportation. 

The lattice Boltzmann method (LBM) has 
emerged as a powerful tool for simulating 
adsorption processes in porous media due to its 
inherent advantages in modeling complex fluid 
dynamics and interfacial phenomena at the pore 
scale [22]. Unlike conventional continuum-based 
methods, LBM operates on a discrete lattice and 
evolves particle distribution functions, naturally 
capturing microscopic interactions such as 
molecular diffusion, surface adhesion, and phase 
transitions during adsorption [23]. It effectively 
handles multicomponent and multiphase 
systems, enabling accurate representation of 
water vapor transport, competitive adsorption, 
and desorption kinetics within tortuous pore 
networks. By integrating adsorption boundary 
conditions such as Langmuir isotherm models 
directly at solid-fluid interfaces [24], in addition 
to adsorption, can simulate double-diffusive 
convection in cavities, capturing the coupled 
effects of thermal and concentration gradients 
on flow and transport behavior [25]. This 
capability is particularly valuable for optimizing 
silica-gel-based systems in applications like 

adsorption chillers, desiccant wheels, and 
atmospheric water harvesting, where 
understanding pore-level behavior is critical to 
enhancing capacity, cycling stability, and energy 
efficiency. 

A broad range of studies has clarified how 
pore-scale physics within complex porous media 
governs transport and adsorption, forming the 
foundation for investigations into silica–water 
systems. Pore-scale simulations using lattice 
Boltzmann and related methods have 
demonstrated how microstructural details 
directly influence immiscible flow, permeability, 
and tortuosity in digitized porous geometries, 
emphasizing the governing role of pore 
structure in transport phenomena [26]. Similar 
formulations have been applied to model non-
Fourier heat conduction with temperature-
dependent thermal conductivity, revealing 
deviations from classical Fourier scaling at the 
microscale [27]. Monte Carlo simulations of 
capillary condensation in atomistic and 
cylindrical silica pores have further shown how 
metastability and pore size dictate adsorption–
desorption kinetics [28]. Broader computational 
screening approaches have been used to identify 
efficient adsorbents and atmospheric water-
harvesting candidates, while testing the 
reliability of geometric and energetic descriptors 
for predicting water uptake  [29]. Other works 
have explored adsorption tuning through 
surface chemistry modification—such as 
polypyrrole-based nanocomposites for metal-
ion removal [30], or saccharide–silica 
composites for selective glycopeptide 
enrichment [31]. Within silica systems, 
comparative adsorption measurements have 
linked pore size, hydrophilicity, and heat 
treatment to sorption performance [32], and 
theoretical continuum models using Lennard–
Jones potentials have quantified the effects of 
pore shape and critical pore dimensions on 
water adsorption energetics [33]. 

On this foundation, extensive efforts have 
focused on experimentally and theoretically 
characterizing water vapor adsorption in silica 
gel, developing consistent equilibrium and 
kinetic descriptions for the silica–water pair. 
Volumetric studies have produced detailed 
adsorption isotherms over wide pressure and 
temperature ranges, commonly modeled using 
the Tóth isotherm [34]. Comparative evaluations 
of classical models such as Freundlich, Tóth, and 
Dubinin–Astakhov (D–A) have refined their 
parameters to better fit measured uptake data 
[34], [35], [36]. Control-volume and volumetric 
experiments have also determined isotherms, 
isosteric heats, and regeneration characteristics 
to guide adsorption chiller and desalination 
design [34], [35], [37]. Additional analyses have 
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shown that synthesis and conditioning influence 
surface area, silanol density, and adsorption 
capacity [38]. Building on these data, later works 
have proposed new D–A coefficients  [35], 
established thermodynamic frameworks for 
entropy, enthalpy, and heat calculations  [39], 
and applied modified (D–A) models to extract 
thermodynamic quantities such as differential 
entropy and adsorption heat from experimental 
isotherms [40]. 

Parallel studies have examined how material 
degradation, compositional modification, and 
application-specific requirements affect silica gel 
performance. Long-term use under refrigeration 
conditions was shown to deteriorate adsorption 
capacity, attributed to structural and chemical 
changes recoverable by acid treatment  [41]. To 
enhance heat and mass transfer, silica gel 
composites with polyvinylpyrrolidone and 
expanded graphite were synthesized, showing 
improved thermal conductivity and modified 
adsorption kinetics  [42]. Characterization of 
commercial silica gels for desalination systems 
has identified key textural parameters governing 
adsorption efficiency  [43]. Modeling at the 
packed-bed scale has addressed transient 
thermal nonequilibrium effects, internal and 
external resistances, and axial–radial gradients 
in silica gel/water adsorbers [44]. Experimental 
investigations of finned-tube heat exchangers 
and plant-scale chillers have linked particle size, 
fin spacing, and cycle time to overall system 
performance  [45], [46]. Complementary three-
dimensional simulations have provided 
geometric design guidance for multi-stage 
adsorption heat exchangers [47]. 

Finally, system-level and alternative 
contacting configurations have been developed 
to optimize silica gel–water adsorption 
technologies for real-world cooling and 
dehumidification. Reviews of adsorption 
refrigeration powered by low-grade heat have 
summarized prototype performance and design 
optimization strategies [48]. Successive 
generations of silica gel/water adsorption 
chillers have been experimentally tested under 
variable conditions, incorporating heat and mass 
recovery improvements [49]. Alternative 
fluidized-bed and layered-adsorbent 
configurations have been modeled and validated 
to capture transient kinetic and thermodynamic 
behavior [50], [51]. Field and prototype 
systems—including solar-driven, residential-
scale, and heat-pipe-assisted adsorption 
chillers—have provided operational data under 
realistic conditions  [52], [53]. In parallel, three-
dimensional transient computational models of 
two-stage systems have linked pore-scale 
phenomena and bed geometry to the 

performance of full-scale adsorption cooling 
cycles  [47]. 

A statistical physics approach was used to 
analyze molecular-level adsorption behavior and 
extract thermodynamic parameters for 
desalination systems  [54]. Regression-based 
modeling quantified the influence of humidity, 
pore structure, and surface properties on water 
uptake [55]. Experimental investigations further 
established empirical correlations between 
water content, temperature, and humidity for air 
conditioning and water harvesting uses[56]. 
Finally, an experimental setup assessed silica 
gel’s performance as a thermal energy storage 
medium under varying regeneration 
temperatures and humidity levels [57]. 

Although previous studies have simulated 
water vapor adsorption in silica gel, most of 
them used macro-scale simulation with 
traditional numerical methods. In the present 
study, a realistic geometry of silica gel was first 
constructed. Subsequently, a lattice Boltzmann 
code is developed to simulate the flow and mass 
transfer of water vapor at the pore scale, as well 
as its adsorption in silica gel, using the Langmuir 
isotherm applied at the fluid-solid interface. Key 
parameters such as permeability and average 
velocity were calculated and compared. 
Furthermore, the effects of the Langmuir 
isotherm, vapor concentration, and particle size 
on the mass transfer behavior were 
systematically investigated. 

2. Materials and Methods 

2.1. Geometry 

As illustrated in Fig. 1, the silica gel particles 
used in this study were modeled as a packed bed 
composed of spherical beads, commonly 
referred to as a bead pack structure. To generate 
this geometry, the open-source 3D modeling and 
physics simulation software Blender [58] was 
employed. The process began by defining 
several hundred spheres with specified mean 
diameters and standard deviations, positioned 
above a fixed-size container that served as the 
boundary beneath the particles. Newtonian 
physics was then applied to simulate the natural 
falling and bouncing behavior of the spheres 
under gravity until they settled into a stable, 
densely packed arrangement. After reaching 
mechanical equilibrium, a horizontal plane was 
introduced to intersect the bead pack, and the 
cross-sectional interface of the spheres at this 
plane was extracted and utilized as the 
representative two-dimensional geometry for 
the simulation. This approach allowed for the 
creation of a physically realistic and statistically 
controlled porous structure.  
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A schematic overview of the geometry 
generation workflow is presented in Fig. 2. In 
total, five distinct particle sizes were 
investigated in this study, with detailed 
specifications provided in Table 1. 

Mass transfer domains and boundary 
conditions are shown in Fig. 3. In this study, the 
pressure difference ∆p was selected in such a 
way as to achieve a comparable average velocity 
u̅ across all geometries. 

 
Fig. 1. Scanning electron microscopy image of 

 silica gel from [32] 

Table 1. Details of the geometries used in this study 

Standard 
deviation 

Porosity 
(𝝐) 

Particle size 
(𝝁𝒎) 

0.1 0.5637 1.6 

0.1 0.5896 2.13 

0.1 0.5614 3.2 

0.1 0.5436 3.89 

0.1 0.5605 4.57 

  
(b) (a) 

Fig. 2.  (a) Structure of the D2Q5; and (b) the D2Q9 lattices  

 
Fig. 3.  Mass transfer domains and boundary conditions  

2.2.  Problem Description 

In this study, a two-dimensional rectangular 
channel was selected as the computational 
domain to simulate water vapor adsorption in 
silica gel structures. Water vapor is introduced 
into the domain from the left boundary, 
following a fully developed Poiseuille flow 
profile, which is mathematically described as: 

𝑢(𝑦) =
∆𝑝

4𝐿𝜇
(𝑅2 − 𝑦2) (1) 

As illustrated in Fig. 4, silica gel particles are 
distributed within the computational domain to 
represent a porous adsorption medium. This 
study investigates the influence of various 
parameters, including particle size, initial 
adsorbent concentration, and variations in 
Langmuir isotherm parameters. A zero-pressure 
boundary condition is imposed at the outlet, 
while the upper and lower channel walls are 
modeled using no-slip conditions for the velocity 
field.  

For the mass transfer simulation, multiple 
inlet concentrations (𝐶0) were prescribed. At the 
outlet, a zero-gradient condition is applied for 
concentration, while the upper and lower 
boundaries are treated with the no-flux 
condition, assuming zero concentration gradient 
normal to the wall surfaces.  

A comprehensive summary of all boundary 
conditions is provided in Table 2. 

Table 2. Boundary conditions for flow and mass transfer 

Mass Flow Position 

𝑪𝟎 Parabolic Poiseuille 
 flow 

𝑢(𝑦) = (∆𝑝 4𝐿𝜇⁄ )(𝑅2 − 𝑦2) 

Inlet 

𝝏𝑪/𝝏𝒙 = 𝟎 𝜕𝑢 𝜕𝑥⁄ = 0 Outlet 

𝝏𝑪/𝝏𝒙 = 𝟎 No slip condition 

𝑢 = 𝑣 = 0 

Upper 
wall 

𝝏𝑪/𝝏𝒙 = 𝟎 No slip condition 

𝑢 = 𝑣 = 0 

Bottom 
wall 

𝑫𝒇

𝝏𝑪

𝝏𝒏
=

𝝏𝑵

𝝏𝒕
𝒅𝒏⃗⃗ 

= (𝒌𝒂𝑪(𝑵𝒎 − 𝑵)
− 𝒌𝒅𝑵)𝒅𝒏⃗⃗  

No slip condition 

𝑢 = 𝑣 = 0 

Solid/fluid 
interface 
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Fig. 4. Schematic of constructing the geometry of silica gel 

2.3. Governing Equations 

The adsorbent flow through the adsorber 
particles was considered Newtonian and 
incompressible. Hence, it is governed by the 
Navier-Stokes equation as [59]:  

• Continuity is defined as:  

𝜕𝜌𝑓

𝜕𝑡
+ 𝛻. (𝜌𝑓𝑢) = 0 (2) 

• Momentum is defined as: 

𝜕(𝜌𝑓𝑢)

𝜕𝑡
+ 𝛻. (𝜌𝑓𝑢𝑢) = −𝛻𝑝 + 𝛻. (𝜇𝛻𝑢) (3) 

In these equations, 𝑢 is velocity, 𝜌𝑓 is fluid’s 

density, and 𝜇 represents dynamic viscosity.  

Darcy’s law describes a low Reynolds 
number and single-phase flow is defined as [60]: 

𝑢̅𝐷 = −
𝐾𝑖𝑗

𝜇

𝜕𝑃̅

𝜕𝑥𝑗

 (4) 

In this equation 𝑢̅𝐷 is the average Darcy velocity 
and 𝐾𝑖𝑗  is the permeability tensor of porous 

media.  

To model mass transfer, the physical domain 
is conceptually divided into three distinct 
regions: the solid phase, the fluid phase, and the 
solid–fluid interface. This classification enables 
the accurate representation of transport 
phenomena occurring within each region and at 
its boundaries. 

For the purpose of analyzing mass transfer, 
the physical domain is divided into three distinct 
regions based on their physical characteristics: 
the solid phase, the fluid phase, and the solid–
fluid interface. Specifically, the fluid phase 
(intra-particle) is characterized as follows [61]: 
𝜕𝐶

𝜕𝑡
+ 𝛻. (𝐶𝑢) = 𝛻. (𝐷𝑓𝛻𝐶) (5) 

Here, 𝐶 represents the adsorbate concentration 
within the intra-particle (fluid) domain, and  

𝐷𝑓denotes the corresponding mass diffusion 

coefficient. 

Within the Silica gel particles, mass diffusion 
is defined as[62]: 

𝜕𝑁

𝜕𝑡
= 𝛻. (𝐷𝑠𝛻𝑁) (6) 

In this context 𝑁 denotes the amount of 
adsorbate accumulated within the adsorbent, 
while 𝐷𝑠  represents the mass diffusion 
coefficient within the solid particles . 

The interaction between the fluid and solid 
domains is modeled using Langmuir kinetics. At 
the external surface of the particles, this 
interaction is described by a non-equilibrium 
Langmuir isotherm, as given in [69]: 

𝐷𝑓

𝜕𝐶

𝜕𝑛
= (𝑘𝑎𝐶(𝑁𝑚 − 𝑁) − 𝑘𝑑𝑁)𝑑𝑛⃗  (7) 

Here 𝑘𝑎 and 𝑘𝑑  represent the adsorption and 
desorption rate constants, respectively; 𝑁𝑚 
denotes the maximum adsorption capacity as 
defined by the Langmuir isotherm; and 𝑛 is the 
unit normal vector to the particle surface . 

For the internal surface of the particle, the 
governing equation is modified accordingly, as 
described in [63]: 

𝜕𝑁

𝜕𝑡
𝑑𝑛⃗ = (𝑘𝑎𝐶(𝑁𝑚 − 𝑁) − 𝑘𝑑𝑁)𝑑𝑛⃗  (8) 

The right-hand sides of Eqs. (7) and (8) are 
identical; however, the left-hand side of Eq. (7) 
pertains to the fluid domain, whereas the left-
hand side of Eq. (8) corresponds to the interior 
of the solid particle. Consequently, the boundary 
condition that interconnects these two domains 
can be expressed as: 

𝐷𝑓

𝜕𝐶

𝜕𝑛
=

𝜕𝑁

𝜕𝑡
𝑑𝑛⃗ = (𝑘𝑎𝐶(𝑁𝑚 − 𝑁)

− 𝑘𝑑𝑁)𝑑𝑛⃗  
(9) 

Under equilibrium conditions, where the 
adsorption process has reached completion and 
𝜕𝑁 𝜕𝑡⁄ = 0, Eq. (9) simplifies to the following 
form, as presented in [64]: 
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𝑁𝑒 = 𝑁𝑚

𝐾𝐶𝑒

1 + 𝐾𝐶𝑒

 (10) 

This expression corresponds to the Langmuir 
adsorption isotherm [65], in which 𝐾 and 𝑁𝑚 are 
the Langmuir isotherm constants, while 𝑁𝑒  and 
𝐶𝑒  denote the equilibrium adsorbed amount and 
equilibrium concentration of the adsorbate, 
respectively. Accordingly, the constant 𝐾 is 
defined as the ratio of the adsorption rate 
constant to the desorption rate constant: 

𝐾 =
𝑘𝑎

𝑘𝑑

 (11) 

In this study, various values for the adsorption 
(𝑘𝑎) and desorption (𝑘𝑑)  rate constants are 
explored, while maintaining a constant ratio (𝐾) 
in order to remain consistent with experimental 
observations. 

2.4. Physical Properties 

The physical properties of Silica gel and 
water vapor, along with their corresponding 
equivalents in lattice units, are summarized in 
Table . The reported values are adopted from 
references [44], [66], [67]. 

Table 3. Physical properties of silica gel and water vapor 

Lattice unit Physical unit Symbol Parameter 

𝟏 √𝟑⁄  340.40  
(m/s) 

𝐶𝑠 Speed of 
sound  

400 4 × 10−5   
(m) 

𝐿 Domain 
length  

1 10−7   
(m) 

∆𝑥, ∆𝑦 Grid step  

1 8.54608
× 10−11 

(s) 

∆𝑡 Time step  

1 0.58  
(kg/m3) 

𝜌 Fluid  
density  

0.183673 2.16 × 10−5   
(m2/s) 

𝜈 Kinematic 
viscosity  

𝟑. 𝟏𝟒𝟎𝟐𝟏
× 𝟏𝟎−𝟕 

0.58   
(m/s) 

𝑢̅ Average 
velocity  

10 32.22  
 (mol m3⁄ ) 

𝐶0 Fluid 
concentration  

0.166667 1.96 × 10−5  
(m2/s) 

𝐷𝑓 Fluid 
diffusion 
coefficient  

0.000333333 3.92 × 10−8  
(m2/s) 

𝐷𝑠 Solid 
diffusion 
coefficient  

16.10 5  
(m3 mol⁄ ) 

𝐾 Langmuir 
adsorption 
coeff  

3 11933  
(𝐦𝐨𝐥 𝐦𝟑⁄ ) 

𝑵𝒎 Max 
Langmuir 
adsorption  

0.00404771 1.47 × 107  
(m3 (mol. s)⁄ ) 

𝑘𝑎  Adsorption 
rate constant  

0.000251255 2.94 × 106  
(1 s⁄ ) 

𝑘𝑑  Desorption 
rate constant 

2.5. LBM Implementation 

The multiple-relaxation-time lattice 
Boltzmann method (MRT-LBM) is employed to 
solve the governing equations for fluid flow and 
mass transfer. Specifically, the D2Q9 lattice 
structure is utilized for simulating fluid flow, 
while the D2Q5 lattice is adopted for mass 
transfer, as illustrated in Fig. 2 (a). The lattice 
Boltzmann equation corresponding to the D2Q9 
model is given by  [68]: 

𝑓𝑖(𝑥 + 𝑒∆𝑡, 𝑡 + ∆𝑡) − 𝑓𝑖(𝑥, 𝑡) 

= −𝑀−1𝑆̂ (𝑓(𝑥, 𝑡) − 𝑓𝑒𝑞(𝑥, 𝑡)) 
(12) 

Analogously, the lattice Boltzmann equation 
corresponding to the D2Q5 lattice structure for 
mass transfer is formulated as follows: 

𝑔𝑖(𝑥 + 𝑒∆𝑡, 𝑡 + ∆𝑡) − 𝑔𝑖(𝑥, 𝑡) 

= −B−1𝜃̂(𝑔̂(𝑥, 𝑡) − 𝑔̂𝑒𝑞(𝑥, 𝑡)) 
(13) 

where 𝑓𝑖(𝑥, 𝑡) represents the density 
distribution function with velocity 𝑒𝑖  at time 𝑡 
and lattice node 𝑥, while ∆𝑡 denotes the time 
step at the lattice scale. The velocity 

transformation follows: 𝑓 = 𝑀𝑓, 𝑓 = 𝑀−1𝑓.  

𝑆̂ is the collision matrix, which is a diagonal 
matrix, and for D2Q9 lattice is defined as [68]: 

𝑆̂ = 𝑑𝑖𝑎𝑔[𝑠0, 𝑠1, 𝑠2, 𝑠3, 𝑠4, 𝑠5, 𝑠6,𝑠7, 𝑠8], (14) 

For the D2Q5 lattice, the diagonal 
transformation matrix is defined as [69]: 

𝜃̂ = 𝑑𝑖𝑎𝑔[𝑠0, 𝑠1, 𝑠2, 𝑠3, 𝑠4] (15) 

𝑀 represents the transformation matrix, 
which is defined for the D2Q9 lattice as [70]: 

𝑀 =

[
 
 
 
 
 
 
 
 

1 1 1 1 1 1 1 1 1
−4 −1 −1 −1 −1 2 2 2 2
4 −2 −2 −2 −2 1 1 1 1
0 1 0 −1 0 1 −1 −1 1
0 −2 0 2 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1
0 0 −2 0 2 1 1 −1 −1
0 1 −1 1 −1 0 0 0 0
0 0 0 0 0 1 −1 1 −1]

 
 
 
 
 
 
 
 

 (16) 

For the D2Q5 lattice, the transformation 
matrix is given by N [71]: 
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𝐵 =

[
 
 
 
 

1 1 1 1 1
0 1 0 −1 0
0 0 1 0 −1

−4 1 1 1 1
0 1 −1 1 −1]

 
 
 
 

 (17) 

The MRT-LBM method is chosen due to its 
superior stability and accuracy compared to the 
single relaxation time (SRT) method [72]. As 
illustrated in Fig. 2(a), the D2Q9 model 
comprises nine velocity components (labeled 0 
to 8), and these velocities are defined as [73]: 

𝑒𝑖 = {

(0,0)𝑐                               𝑖 = 0          
(±1,0)𝑐, (0, ±1)𝑐          𝑖 = 1,2,3,4
(±1,±1)𝑐                        𝑖 = 5,6,7,8

 (18) 

Likewise, the D2Q5 lattice consists of five 
velocity components, labeled 0 to 5, with 
velocities defined as [73]: 

𝑒𝑖

= {
(0,0)𝑐                               𝑖 = 0          
(±1,0)𝑐, (0, ±1)𝑐          𝑖 = 1,2,3,4

 (19) 

In Eqs. (18) and (19), 𝑐 denotes the lattice speed 
and is given by 𝑐 = ∆𝑥 ∆𝑡⁄ . 

In the D2Q9 lattice, density and velocity can 
be defined as [74]: 

𝜌 = ∑𝑓𝑖(𝑥, 𝑡)

8

𝑖=0

 (20) 

𝒖 =
1

𝜌
∑ 𝑓𝑖(𝑥, 𝑡) 𝑒𝑖

8

𝑖=0

 (21) 

On the other hand, in the D2Q5 lattice, the 
concentration of mass can be defined as: 

𝐶 = 𝑁 = ∑𝑔𝑖(𝑥, 𝑡)

4

𝑖=0

 (22) 

2.6. Solver Development 

The simulations were conducted using the 
PALABOS (Parallel Lattice Boltzmann Solver) 
library, an open-source framework optimized 
for high-performance computational fluid 
dynamics. PALABOS exploits parallel computing 
architectures via MPI acceleration, enabling 
efficient pore-scale simulations of complex 
geometries such as MOF-5 powders. Its object-
oriented design supports the integration of 
custom boundary conditions—such as Langmuir 
adsorption kinetics—and facilitates multi-
physics coupling between fluid flow and mass 
transfer, all while maintaining computational 
scalability. The modular architecture of the 
library enabled the direct implementation of the 

lattice Boltzmann equations through tailored 
collision kernels and local boundary condition 
handlers, thereby demonstrating its flexibility 
and effectiveness in modeling non-equilibrium 
adsorption phenomena in porous media [75]. 

3. Validation 

The lattice Boltzmann implementation was 
validated using two benchmark cases that 
address inter-particle and intra-particle mass 
transfer phenomena. For the inter-particle mass 
transfer case, the analytical solution presented 
by Zhou et al. [76] was reproduced (see Fig. 
5(a)), simulating adsorption in a two-
dimensional channel with Langmuir-type 
boundary conditions. The channel exhibits a 
parabolic velocity profile, with a maximum 
velocity of  𝑣𝑚𝑎𝑥 = 0.06 𝑙𝑢/𝑙𝑡 (lu and lt indicate 
the lattice velocity and time units, respectively). 
The governing mass transfer equation for this 

configuration is formulated as follows: 

𝑢
𝜕𝐶

𝜕𝑥
= 𝐷𝑠 (

𝜕2𝐶

𝜕𝑥2
+

𝜕2𝐶

𝜕𝑦2
) (23) 

The boundary conditions consist of a zero 
normal gradient of concentration along the 
upper and right boundaries. At the lower wall, a 
linearized form of the Langmuir adsorption 
condition is imposed: 

𝐷𝑠

𝜕𝐶

𝜕𝑦
= 𝐾𝐶 (24) 

Lévêsque provided an analytical solution to 
this problem and predicted the decay of wall flux 
along the flow direction [44]: 

𝐶̃𝑠 =
𝐿

𝐶0

𝜕𝐶

𝜕𝑛
= 0.854 (

𝑢𝑚𝑎𝑥𝐿
2

𝑥𝐷𝑠

)

1/3

 (25) 

In this context 𝐶̃𝑠 denotes the normal mass flux 
at the lower wall, and  𝑥 represents the distance 
from the inlet (left wall).  

The results obtained from the LBM 
simulations exhibit good agreement with the 
analytical solution of Lévêsque, as depicted in 
Fig. 5(b). A slight deviation is observed near the 
channel entrance due to the singularity of Eq. 
(25) at 𝑥 = 0; however, this discrepancy is 
considered acceptable within the framework of 
numerical approximations . 

For intra-particle mass diffusion, numerical 
results are validated against the transient 
solution for a circular particle with radius 𝑟, as 
presented by: 

𝜕𝑞

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
(𝑟𝐷𝑠𝑝

𝜕𝑞

𝜕𝑟
) (26) 
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In this equation, 𝐷𝑠𝑝  denotes the diffusion 

coefficient of the adsorbed species within the 
solid phase, and 𝑞(𝑟, 𝑡) represents the local 
adsorbed amount, which varies as a function of 
both radial position and time. At the initial state 
𝑡 = 0.0 s, it is assumed that no adsorption has 
occurred, i.e., 𝑞(𝑟, 0) = 0.0.  

Based on the symmetry of the system, the 
following two boundary conditions are imposed: 

(
𝜕𝑞

𝜕𝑟
)

𝑟=0
= 0 (27) 

(𝑞)𝑟=𝑟𝑠 = 𝐾𝐻𝐶0 = 𝑞0 (28) 

In this context, C0 represents the concentration 
of the adsorbed liquid substance at the solid 
surface, and 𝐾𝐻 is Henry’s law constant for 
absorption. Accordingly, a constant surface 
concentration 𝑞0 is imposed on the solid 
boundary. 

Solving Eq. (26) under the specified initial 
and boundary conditions yields the following 
analytical expression: 

𝑞̅

𝑞0

= 1 − ∑
4

𝑟𝑠
2𝛼𝑛

2
exp(−𝐷𝑠𝑝𝛼𝑛

2𝑡)

∞

𝑛=1

 (29) 

In this equation, 𝛼𝑛 represents the positive roots 
of the zero-order Bessel function 𝐽0(𝑟𝑠𝛼𝑛) and 𝑞̅ 
denotes the average amount of material 
absorbed in the solid, which can be computed as: 

𝑞̅ =
2

𝑟𝑠
2
∫ 𝑞𝑟𝑑𝑟

𝑟𝑠

0

 (30) 

To validate the LBM results against the 
analytical solution, a circular domain with a 
radial length of 40 lattice units was employed. A 
constant concentration boundary condition with 
𝑞0 = 1.0 was applied at the outer boundary. To 
isolate the diffusion effect, the velocity within 
the domain was set to zero, thereby modeling a 
pure diffusion scenario. The diffusion coefficient 
𝐷𝑠𝑝  was assigned a value of 1 50⁄ , corresponding 

to a lattice Boltzmann relaxation time of  
𝜏 = 0.56.  

Fig. 5(c) presents a dimensionless 
comparison between the LBM simulation and 
the analytical solution, exhibiting excellent 
agreement, particularly for /𝐿 > 0.2. 

   
(c) (b) (a) 

Fig. 5.  Schematic representation of the validation setup; (b) Comparison between LBM simulation results and the analytical solution 
for adsorption in a 2D channel; (c) Non-dimensional flux predicted by the LBM compared to the 

 analytical solution of Lévêsque for intra-particle diffusion 

4. Results and Discussion 

4.1. Flow Dynamics 

The fluid flow behavior within all five 
geometric configurations was numerically 
simulated using the LBM. As described by Eq. 
(1), a parabolic velocity profile was imposed at 
the inlet, which was regulated by applying a 
pressure gradient (∆𝑃), while keeping all other 
parameters constant. To ensure a consistent and 
comparable average velocity across the porous 
media in each case, the value of ∆P was 
specifically adjusted for each geometry. 

The simulation results demonstrate that the 
effective permeability remains nearly constant 
across all five configuration, as reported in Table 

4. This consistency is further supported by the 
porosity values listed in Table 1, which show 

minimal variation among the geometries—only 
within a narrow range of 0.04—indicating that 
the structures are comparable in terms of 
porosity. 

Additionally, the spatial distribution of the 
velocity field within the flow domain is 
illustrated through contour plots, as shown in 
Fig. 8. These contours provide a qualitative 
insight into the flow uniformity and support the 
observation of consistent transport behavior 
across the different geometries. 

4.2. Effect of Particle Size 

The influence of particle size on the 
adsorption dynamics of water vapor in Silica gel 
was systematically investigated through 
transient numerical simulations. The temporal 
evolution of the average adsorbed concentration 
for different particle sizes is illustrated in Fig. 7.  
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The results clearly reveal that as the particle 
size increases, the time required to reach 
adsorption equilibrium becomes significantly 

longer. This delay can be primarily attributed to 
the dominance of solid-phase diffusion 
resistance over the adsorption isotherm kinetics. 

 
3.2 𝝁𝒎 

 
3.89 𝝁𝒎 

 
4.57 𝝁𝒎 

 
Velocity magnitude ( 𝒎 𝒔⁄ )  

1.6 𝝁𝒎 
 

2.13 𝝁𝒎 

Fig. 6.  The geometries used in the final simulation setup, the streamlines and corresponding velocity field inside them 

 
Fig. 7.  Adsorption dynamics for different particle sizes 

Table 4. Permeability and the maximum velocity 

Maximum velocity 

(𝒎/𝒔) 

Permeability 

(× 𝟏𝟎−𝟏𝟐 𝐦𝟐) 

Particle 

size (𝝁𝒎) 

9.518 2.75868 1.6 

7.314 2.91835 2.13 

5.894 2.92546 3.2 

5.088 2.92977 3.89 

6.151 2.93746 4.57 

Although the porosity of all simulated 
geometries was held constant to isolate the 
effect of particle size, the internal diffusion 
pathways within larger particles impose greater 
resistance to mass transfer. Consequently, the 
rate of adsorption slows down, and the time to 
reach equilibrium extends. This trend is further 
corroborated by the adsorption contours 
presented in Fig. 8, which visually demonstrate 
the delayed penetration of adsorbate into the 
core regions of larger particles compared to 

smaller ones . 
Moreover, the simulation results indicate 

that as particle size decreases, the mass flux at 
the particle surface increases significantly. This 
phenomenon can be explained by the fact that 
smaller particles have a higher surface area-to-
volume ratio, facilitating more efficient mass 
exchange at the interface. As a result, the initial 
rate of adsorption is enhanced, contributing to a 
faster approach toward equilibrium in smaller 

particles.  
Analysis of the transient adsorption curves in 

Fig. 7 shows a characteristic two-stage behavior 
for all particle sizes: an initial steep linear rise 
followed by a plateau. The initial linear region is 
predominantly governed by the adsorption 
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isotherm, reflecting the rapid uptake of vapor at 
the surface. In contrast, the plateau region 
indicates a transition to a diffusion-limited 
regime, where the rate-controlling step is the 
transport of adsorbate into the interior of the 

solid matrix. These findings suggest that, in the 
case of water vapor adsorption on silica gel, the 
overall dynamics are largely controlled by the 

solid-phase diffusion, particularly for larger 
particles.  

The role of the adsorption isotherm becomes 
increasingly prominent as the particle size 
decreases, highlighting a shift in the dominant 
mechanism from diffusion-limited to isotherm-

limited adsorption in finer geometries. 

 
3.2 𝜇𝑚 

 
3.89 𝜇𝑚 

 
4.57 𝜇𝑚 

 
Adsorbed amount 𝑞 𝑞0⁄   

 
1.6 𝜇𝑚 

 
2.13 𝜇𝑚 

Fig. 8. Effect of particle size on adsorption dynamics at 𝑡 =  8.54 𝜇𝑠 

4.3. Effect of Concentration 

The impact of inlet concentration on the 
adsorption dynamics was also examined to 
assess whether variations in the driving 
concentration gradient would  significantly 
influence the overall adsorption behavior. The 
corresponding transient adsorption profiles for 
different inlet concentrations (20, 32.2 and 40 
𝑚𝑜𝑙.𝑚−3) are presented in Fig. 9.  

The results indicate that altering the fluid 
concentration—either by increasing or 
decreasing it—has only a marginal effect on the 
adsorption dynamics. The time required to reach 
equilibrium and the overall shape of the 
adsorption curves remain largely unchanged 
across the range of tested concentrations. This 
observation suggests that, under the given 
simulation conditions, the process is not 
strongly limited by the external concentration 
gradient but rather governed predominantly by 
internal mass transfer mechanisms such as 

solid-phase diffusion . 

Due to the minimal differences observed in 
the spatial distribution of adsorbate within the 
domain, the velocity and adsorption contours 
corresponding to this case were deemed 
redundant and thus have been omitted for 
clarity. These findings further support the 
conclusion that solid diffusion is the dominant 
mechanism influencing adsorption behavior in 
the present system, while variations in inlet 
concentration play a secondary role. 

 
Fig. 9. Adsorption dynamics for different fluid concentration 
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4.4. Effect of Langmuir’s Constants 

To further explore the governing 
mechanisms of adsorption, the influence of the 
magnitude of Langmuir isotherm constants on 
the outcomes was investigated. In this analysis, 
the equilibrium constant 𝐾 = 𝑘𝑎 𝑘𝑑⁄  was held 
constant to isolate the effect of individual 
variations in the adsorption rate constant (𝑘𝑎) 
and desorption rate constant (𝑘𝑑). Multiple 
combinations of 𝑘𝑎 and 𝑘𝑑  were tested, all 
yielding the same equilibrium constant 𝐾, in 
order to assess whether the kinetics of the 
isotherm, independent of equilibrium, could 
influence the overall adsorption dynamics. 

The results, illustrated in Fig. 10 indicate that 
changes in the absolute values of 𝑘𝑎 and 𝑘𝑑  
while keeping their ratio fixed, have a negligible 
effect on the transient adsorption behavior. The 
adsorption curves for different cases are nearly 
indistinguishable, demonstrating that the  
dynamics are not significantly sensitive to the 
magnitude of the isotherm constants as long as 
the equilibrium relationship is preserved. 

This outcome reinforces the earlier 
conclusion that the rate-limiting step in the 
studied system is dominated by solid-phase 
diffusion rather than the surface kinetics 
represented by the Langmuir isotherm. The 
minor role of the kinetic constants in this regime 
suggests that the adsorption process is largely 
diffusion-controlled, and that the isotherm 
primarily serves to define the equilibrium state 
rather than dictating the rate of approach 
toward it. 

 
Fig. 10. Adsorption dynamics for different Langmuir rates 

5. Conclusions 

In this comprehensive numerical study, the 
lattice Boltzmann method (LBM) was utilized to 
examine the adsorption dynamics of water 
vapor in silica gel across a diverse range of 
geometric configurations and operational 
conditions. The primary aim was to elucidate the 
effects of critical physical and kinetic 
parameters—namely particle size, inlet 

concentration, and Langmuir isotherm 
constants—on the transport and adsorption 
processes within porous media. The findings 
reveal that solid-phase diffusion plays a pivotal 
role in dictating the adsorption kinetics, with 
particle size emerging as the most significant 
factor influencing performance. Larger particles 
exhibited slower adsorption due to increased 
diffusion resistance, while smaller particles 
enhanced adsorption efficiency. These results 
provide critical insights for the optimization of 
adsorbent materials and process parameters, 
particularly in applications where internal 
transport mechanisms are the dominant factor 
in system performance. 

Key findings are as follows: 

• Uniform permeability across geometries: 
Simulations across five distinct geometric 
configurations demonstrated consistent 
permeability, attributed to uniform porosity 
and structural characteristics. This 
consistency provided a robust foundation 
for isolating and analyzing the impact of 
individual parameters on adsorption 
dynamics. 

• Dominant role of particle size: Particle size 
was identified as the most influential 
parameter affecting adsorption kinetics. 
Larger particles resulted in slower 
adsorption rates and delayed equilibrium 
due to increased internal diffusion 
resistance. Conversely, smaller particles, 
with their higher surface area-to-volume 
ratios, facilitated greater initial mass flux 
and accelerated the adsorption process. 

• Limited influence of inlet concentration: 
Variations in inlet water vapor 
concentration had a negligible effect on 
adsorption behavior under the studied 
conditions. This suggests that the system is 
primarily constrained by internal diffusion 
processes rather than external 
concentration gradients. 

• Minimal impact of Langmuir isotherm 
constants: Adjustments to the absolute 
values of Langmuir isotherm constants, 
while maintaining a fixed equilibrium 
constant (𝐾 = 𝑘𝑎/𝑘𝑑), showed little 
influence on adsorption dynamics. This 
finding reinforces that solid-phase diffusion 
is the rate-limiting step, with surface 
kinetics primarily governing the equilibrium 
state rather than the adsorption rate. 

These insights underscore the critical 
importance of optimizing particle size and 
internal transport mechanisms to enhance 
adsorption performance in silica gel systems. 
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The present study provided a detailed 
numerical investigation of water vapor 
adsorption dynamics using the lattice Boltzmann 
method; however, further developments are 
envisioned to expand its applicability. Future 
work will focus on experimental validation of 
the numerical results to ensure the accuracy of 
the adsorption kinetics under practical 
operating conditions. In addition, incorporating 
temperature-dependent adsorption behavior 
and extending the model to multi-component 
gas systems will enable a more comprehensive 
understanding of coupled heat and mass 
transfer processes in porous materials. Such 
advancements would contribute to the design 
and optimization of adsorption-based 
technologies for water harvesting, 
dehumidification, and energy storage 
applications.  
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